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Resumen 
Las reacciones acuosas catalizadas por superficies minerales involucran una gran cantidad de 
mecanismos de reacción que junto a la formación de especies transicionales pueden influenciar 
de manera importante la evolución química y mineralógica lo sistemas geoquímicos. Recientes 
estudios han puesto de manifiesto que las superficies de determinados sulfuros y silicatos 
generan especies reactivas de oxígeno (ERO) cuando reaccionan en medio acuoso, tanto en 
presencia como en ausencia de O2(g). La evolución de estos radicales libres en el sistema es 
difícil de determinar, puesto que se trata de especies muy reactivas y, por tanto, inestables. 
Debido a su corta vida media, su detección experimental requiere el uso de métodos analíticos 
complejos. Por este motivo, en el momento actual no existe un análisis detallado de los 
mecanismos de formación y degradación de las ERO asociados a las superficies minerales, algo 
que sin embargo es necesario para comprender su función en los medios naturales. 
En los últimos años se ha sugerido que la generación de ERO - catalizada por superficies 
minerales en condiciones anóxicas- podría ser un factor relevante en la evolución geoquímica de 
ambientes anóxicos. Dentro de este contexto, la superficie oxidada de Marte, por la cual es 
conocido como el “planeta rojo”, se presenta como un escenario geológico perfecto para estudiar 
las implicaciones de esta reacción. En la actualidad, las condiciones de este planeta son 
desfavorables para la existencia de grandes volúmenes de agua líquida, sin embargo, diversos 
estudios han sugerido que en el pasado la superficie de Marte pudo estar cubierta por extensos 
océanos. El Noeico (hasta hace unos 3800 millones de años), además de por la existencia de 
procesos hidrológicos, también se caracterizó por su elevada densidad de cráteres de impacto 
que habrían pulverizado grandes extensiones del sustrato marciano, incrementando la superficie 
reactiva de los minerales primarios, y por tanto, acelerando las reacciones inducidas por dichas 
superficies. Bajo este contexto, parece razonable que la formación de ERO -catalizada por 
superficies minerales- puede haber sido un mecanismo de oxidación que contribuyese de manera 
importante a la evolución redox en Marte. 
Para que se generen ERO en ambientes acuosos anóxicos es necesario que se produzca la 
oxidación del agua, un proceso que requiere la transferencia de cuatro electrones para formar 
una molécula de O2(g). Para que se lleve a cabo esta reacción se necesita un potencial de 
oxidación muy elevado, siendo energéticamente desfavorable en el medio natural. Por este 
motivo es importante encontrar superficies minerales que sean capaces de catalizar la oxidación 
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del agua por medio de la generación de peróxido de hidrogeno (H2O2), especie que actúa como 
un oxidante intermedio requiriendo solo dos electrones. Posteriormente, la descomposición de 
esta molécula de H2O2 (cuyo porcentaje en peso es aproximadamente un 94% oxigeno) liberaría 
O2(g) al medio. 
En estudios previos se ha sugerido que las reacciones redox derivadas de la disolución oxidativa 
de la pirita (FeS2) (el disulfuro de hierro más común en la corteza terrestre) pueden ser 
potencialmente capaces de transformar ambientes reductores en oxidantes e inducir la 
precipitación de óxidos y sulfatos de hierro. Además, investigaciones recientes en torno a la 
disolución de este mineral han demostrado que se genera H2O2 como una especie intermedia. Sin 
embargo, ni la cinética de esta reacción ni las etapas elementales asociadas son bien conocidos, 
por lo que es necesaria una caracterización más detallada de este proceso para poder valorar sus 
implicaciones reales en el medio natural. 
La motivación de este trabajo de investigación surge con el objetivo de analizar la hipótesis de 
que la formación de H2O2 y otros ERO catalizados por la pirita, pudieron haber generado las 
condiciones redox adecuadas para inducir la precipitación de óxidos de hierro (p. ej., hematita) y 
sulfatos de hierro (p. ej., jarosita) en la superficie de Marte.  
Por consiguiente, la finalidad del presente proyecto de tesis ha sido determinar la cinética de 
formación de ERO catalizada por la superficie de la pirita (mediante experimentos realizados en 
tiempo real), para posteriormente poder analizar su influencia en la evolución geoquímica de 
Marte mediante modelos numéricos que permiten evaluar la evolución del proceso a largo plazo 
en el medio natural. Con esta finalidad, hemos definido los siguientes objetivos específicos: 
- Medir la formación de ERO a partir de la superficie de la pirita en tiempo real y sin interferir 
en el curso natural del proceso, tanto en condiciones óxicas como anóxicas. 
- Determinar el mecanismo de reacción analizando sus dependencias cinéticas así como la 
oxidación superficial inducida en las muestras de pirita. 
- Identificar los principales procesos de interacción agua-roca que condujeron a la secuencia 
mineral observada en Marte mediante la modelización geoquímica. 
- Proponer un modelo cinético que nos permita describir la formación de ERO en base a los 
resultados experimentales obtenidos, y posteriormente, utilizar dicho modelo para analizar las 
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implicaciones de esta reacción en la evolución de un hipotético océano marciano mediante 
modelos geoquímicos a largo plazo. 
- Evaluar el potencial de oxidación de la formación de ERO catalizada por nanopartículas versus 
micropartículas de pirita para su uso en el tratamiento de aguas residuales.  
La organización de este proyecto de tesis, realizada en base a estos objetivos específicos, 
incluye: una breve introducción que resume las principales contribuciones relacionadas con el 
estudio de la formación de ERO catalizadas por superficies minerales y detalla los objetivos 
perseguidos en este estudio; cinco capítulos centrados en clarificar cada uno de los objeticos 
específicos planteados, y un último capítulo que resume las principales conclusiones derivadas 
de esta investigación.  
 
Capítulo 1: Metodología y estrategia experimental. 
La formación de ERO a partir de la reacción acuosa de la pirita ha sido descrita como una 
reacción redox superficial. En términos generales, la formación de ROS se produce por la 
disociación de las moléculas de O2 y H2O adsorbidas a los defectos superficiales de la pirita. Las 
especies superficiales de la pirita, conocidas también como enlaces colgantes, se forman debido 
a la pérdida de coordinación que sufren los átomos de S y Fe (localizados en estos defectos) 
como consecuencia de la ruptura de los enlaces Fe-S y S-S. Trabajos previos han sugerido que 
estos enlaces colgantes son la fuerza motriz que induce la formación de ROS (ecuaciones 1-4)  
≡Fe2+ (sup)+ O2(g)→ ≡Fe
3+
(sup)+ O2
•-
       (Ec. 1) 
≡ Fe2+ (sup) + O2
•− + 2H+ → ≡ Fe3+(sup) +  H2O2 (ac)     (Ec. 2) 
≡ Fe3+ (sup) + H2O → ≡ Fe
2+
(sup) + HO
•
(ad)      (Ec. 3) 
HO•(ad) + HO
•
(ad) →  H2O2 (ac)       (Ec. 4) 
El mayor reto para determinar la cinética de este proceso reside en la alta reactividad de estas 
especies, que poseen una vida media muy breve. 
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En este capítulo se detalla la estrategia experimental utilizada para analizar la evolución de los 
ERO formados a partir de suspensiones acuosas de micropartículas de pirita, tanto en 
condiciones óxicas como anóxicas. Con este fin, construimos un reactor que nos permitiese 
monitorizar simultáneamente medidas cronoamperometricas, potenciometricas y 
espectroscopicas en tiempo real y bajo atmosferas controladas. Para alcanzar este objetivo, 
diseñamos una serie de reactores “prototipo” para determinar la configuración optima que nos 
permitiese realizar dichas medidas, mejorando el aislamiento dieléctrico y el sellado de las 
paredes. El diseño final permite analizar en tiempo real y bajo condiciones anóxicas la 
formación de ERO (H2O2, O2, HO
•
) inducida por la superficie de la pirita, así como medir los 
parámetros físico-químicos de la solución (pH, potencial redox, conductividad, temperatura) sin 
interferir en el curso natural de la reacción.  
Otro aspecto importante a analizar en el transcurso de la reacción es la determinación de las 
especies de Fe
3+
 en la solución. Dado que la disolución de la pirita libera Fe
2+
, la aparición de 
Fe
3+
 indica que se produce la autocatálisis del hierro via reacción Fenton-Haber Weiss, 
generando más ERO en la solución. Por este motivo, para registrar las especies de Fe
3+
 usamos 
una cubeta de sílice con un camino óptico de un metro de longitud (aumentando un orden de 
magnitud la resolución de los espectros adquiridos), conectado al reactor mediante una bomba 
peristáltica de flujo.  
Por otro lado, caracterizamos las muestras utilizadas en los experimentos (composición química, 
tamaño de partículas, área superficial). Además, describimos las técnicas utilizadas para analizar 
las variaciones morfológicas y estructurales que se producen en las muestras debido al proceso 
de oxidación-disolución de las mismas, haciendo especial hincapié en la formación de capas 
“pasivadoras” en la interfase de la pirita. Dichas técnicas fueron: difracción de rayos-X (XRD, 
aplicando el método de Monte Carlo inverso), espectroscopia fotoelectrónica de rayos-X (XPS), 
espectroscopia infrarroja por transformada de Fourier (FTIR) y microscopia electrónica 
(microscopía electrónica de barrido, SEM, microscopía de haz de iones focalizado, FIB, y, 
microscopía electrónica de transmisión de alta resolución, HR-TEM). 
La última sección de este capítulo describe los procedimientos numéricos aplicados y los 
códigos de especiación (Phreeqc y Copasi) usados a lo largo de los capítulos 3 y 4, para estudiar 
la evolución de Marte a partir de modelos geoquímicos.  
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Capítulo 2: Resultados experimentales 
Como ya se ha mencionado, en el transcurso de la disolución-oxidativa de la pirita se libera Fe
2+
 
de manera simultánea a la formación de H2O2 provocando que ambas especies reaccionen a 
través del mecanismo Fenton-Haber Weiss y generando nuevos ERO en solución. En este 
capítulo analizamos los procesos de generación-descomposición del H2O2 inducido por la 
superficie de la pirita a partir de los resultados cinéticos obtenidos experimentalmente bajo 
condiciones óxicas y anóxicas. Los resultados de estos experimentos se han organizado teniendo 
en cuenta con las principales variables que influyen en la evolución del H2O2: la superficie 
reactiva, la concentración de O2, y el pH de la solución. A continuación, se describen los 
resultados de una serie de experimentos diseñados de forma complementaria para obtener 
información acerca de la tasa de producción de hierro y sulfato durante la disolución de la pirita, 
así como la formación de radicales hidroxilo (OH
•
) como ejemplo de la producción de ERO 
secundarios en solución.  
Además de los aspectos cinéticos asociados al proceso de generación de H2O2, se han 
caracterizado los cambios estructurales y químicos que ocurren en la interfase de la pirita 
durante la oxidación-disolución empleando para ello las técnicas analíticas descritas en el 
capítulo 1. 
Finalmente, en base a los resultados experimentales obtenidos, se propone un mecanismo teórico 
para describir la formación de ERO. Este mecanismo considera que la evolución de H2O2 
observada experimentalmente es el resultado de una competición cinética entre las reacciones de 
formación del H2O2, catalizada por los defectos superficiales de la pirita, y la reacción Fenton 
que induce la descomposición de esta molécula. 
 
Capítulo 3: Modelización de los procesos de interacción agua-roca en el pasado de Marte. 
El análisis de los procesos de oxidación y formación de minerales secundarios mediante modelos 
geoquímicos puede ayudarnos a entender mejor la historia climática y geológica de Marte. En 
este capítulo, describimos los modelos geoquímicos que hemos utilizado para identificar los 
principales procesos que pudieron condicionar la secuencia mineral observada en Marte por 
misiones robóticas. Para ello, construimos modelos cinéticos de transporte (1D) y considerando 
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sistemas abiertos que incluyesen: la cinética de disolución-precipitación de los minerales, el 
aporte de volátiles por la atmósfera, la tasa de generación de la sobresaturación por medio de 
procesos de evaporación y/o enfriamiento, y el transporte de iones a través de la interfase del 
basalto. En sistemas multicomponentes la velocidad de creación de la sobresaturación juega un 
papel crítico, induciendo diferentes evoluciones del sistema, tanto en lo que concierne a la 
evolución de parámetros termodinámicos (pH, Eh) como a la secuencia de fases que precipitan o 
se disuelven. Para modelizar este parámetro, hemos utilizado diversos algoritmos que nos han 
permitido considerar la interacción simultánea entre la perdida de presión por la atmosfera, el 
enfriamiento y la evaporación. Varios estudios han realizado una parametrización detallada del 
proceso de evaporación basada en el mecanismo de convección libre. Nosotros hemos incluido 
este algoritmo en el código de especiación del phreeqc (programa de modelización geoquímica), 
definiéndolo como un parámetro cinético que calcula la constante especifica de evaporación, 
teniendo en cuenta tanto el mecanismo de difusión, como el número de Grashoff (incorpora la 
componente de convección libre).  
A partir de estos modelos, hemos analizado el papel que ejerce la superficie reactiva y el 
transporte iónico por difusión, sobre la secuencia de minerales resultantes. Un hándicap 
importante en la descripción de las expresiones cinéticas utilizadas en los códigos geoquímicos 
es que habitualmente consideran la superficie reactiva del volumen de roca total, sin tener en 
cuenta la contribución individual de los minerales que la componen. Por ejemplo, las constantes 
de disolución de los minerales que componen el basalto suelen venir determinadas por el tamaño 
de los fragmentos de roca. Para solventar este inconveniente, hemos estimado la superficie 
reactiva teniendo en cuenta tanto el volumen de roca total, como el volumen individual de cada 
uno de los minerales que la componen, mediante el compilador BASIC que incluye el código 
phreeqc. 
Además, hemos realizado una segunda tanda de modelos para analizar el efecto que ejercen 
distintas velocidades de enfriamiento en la precipitación autigénica de los filosilicatos. Estos 
modelos se realizaron para testar si la presencia de un océano glaciar confinado en las tierras 
bajas de Marte podría explicar la dicotomía mineralógica (amplia distribución de filosilicatos en 
las tierras altas del sur y una notable ausencia de los mismos en las tierras bajas del norte) 
observada en la superficie de este planeta. 
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Capítulo 4: Modelización de la formación de ROS en ambientes anóxicos. 
El descubrimiento de la naturaleza oxidante del suelo marciano, a partir de los experimentos 
realizados a bordo de las sondas Viking (1976), provocó una intensa búsqueda de posibles 
fuentes de oxidación por parte de la comunidad científica. La molécula de H2O2, identificada en 
la superficie de este planeta, ha sido sugerida como un potencial oxidante del sustrato marciano. 
En este capítulo, hemos modelizado la formación de ROS inducida por la superficie de la pirita 
en base a los resultados experimentales descritos en el capítulo 2 con el software COPASI. Estos 
modelos a corto plazo nos han permitido estimar la constante específica de formación de H2O2 
mediante el ajuste de las curvas experimentales, bajo condiciones óxicas y anóxicas. Además, el 
modelo ofrece una via para analizar el proceso en función de las reacciones elementales, 
permitiéndonos determinar las tasas de producción de los productos de disolución de la pirita 
(hierro y sulfato) así como la producción de ERO secundarios (HO
•
, O2
•-
/HO2
•
, O2) 
Posteriormente, construimos modelos a largo plazo incluyendo los algoritmos cinéticos descritos 
con la secuencia de reacciones obtenida en el modelo a corto plazo. Estos modelos nos 
permitieron analizar la influencia de esta reacción y caracterizar la secuencia de minerales 
resultante asumiendo la existencia de un océano en el pasado de Marte 
 
Capítulo 5: El uso de nanopartículas de pirita como reactivo “Fenton-like” para la 
degradación de contaminantes orgánicos. 
La generación espontanea de ROS en suspensiones de pirita puede ser una herramienta muy útil 
para paliar la contaminación orgánica ocasionada por el vertido de aguas residuales sin requerir 
la inyección de H2O2. 
En este capítulo, hemos investigado las propiedades de la pirita como un reactivo “Fenton-like” 
para su uso en el tratamiento de aguas residuales. Con este fin, hemos analizado la degradación 
oxidativa de la ftalocianina de cobre (CuPc) un colorante orgánico que en nuestro caso ha sido 
utilizado como contaminante diana. En dichos experimentos sintetizamos nanopartículas de 
pirita utilizando el método de inyección en caliente, las caracterizamos con HR-TEM y XRD, y 
posteriormente monitorizamos simultáneamente la degradación del contaminante y el H2O2 
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generado por las nanopartículas de pirita. Además, comparamos la eficacia de las nanopartículas 
sintetizadas como catalizador del proceso respecto a las micropartículas de pirita.  
 
Capítulo 6: Conclusiones y recomendaciones. 
Este capítulo se resume las principales contribuciones derivadas de este estudio, incluyendo 
tanto los resultados experimentales con las implicaciones extraídas de los modelos geoquímicos. 
- Los resultados de los experimentos cinéticos mostraron que la superficie de la pirita es capaz 
de formar H2O2 bajo condiciones óxicas y anóxicas. En general, las curvas experimentales de 
H2O2 obtenidas, son el resultado de una competición cinética entre las reacciones de generación 
y descomposición de esta molécula. La modelización del proceso en estos términos nos permitió 
estimar las constantes de formación específicas del H2O2 producido en los defectos superficiales 
de la pirita así como la formación de ERO secundarios derivados de las reacciones de 
descomposición del H2O2. 
- El uso de nanopartículas sintéticas de pirita como reactivos “Fenton-like” han demostrado ser 
una opción efectiva en la degradación oxidativa del tinte orgánico (CuPc); sugiriendo su 
potencial como una alternativa al proceso Fenton clásico, más barata y menos agresiva con el 
medio natural. 
- Los modelos a largo plazo demostraron que tanto la superficie reactiva como el transporte de 
iones por difusión son factores importantes que pudieron determinar la secuencia de 
precipitación de Marte en el pasado. Los resultados de estos modelos ofrecen una via para 
explicar la dominancia de filosilicatos en los sedimentos del Noeico, un periodo caracterizado 
por la elevada densidad de cráteres de impacto, y la dominancia de sales en secuencias 
sedimentarias más recientes, formadas al disminuir el número de impactos.  
- Los resultados de los modelos de la precipitación autigénica de filosilicatos a diferentes 
velocidades de enfriamientos revelaron que la existencia de un océano glaciar confinado en las 
tierras bajas del norte podría explicar la distribución de filosilicatos observada en la superficie de 
este planeta, caracterizada por extensas acumulaciones en las tierras altas del sur y escasos 
afloramientos en las tierras bajas del norte. 
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- El estudio de la formación de ROS catalizado por la pirita demostró que el potencial de 
oxidación derivado de esta reacción podría haber determinado la secuencia de minerales, bajo un 
escenario de un hipotético océano en el pasado de Marte. En particular, los modelos cinéticos 
realizados asumiendo una alta superficie reactiva y un sustrato marciano compuesto solo por 
depósitos de sulfuros de hierro, han demostraron que la formación de ROS explica las fases 
secundarias observadas en “Meridiani Planum” sin necesidad de incorporar ninguna fuente de 
oxidación adicional. 
Como corolario, a partir de los resultados obtenidos en este proyecto de tesis doctoral, sugerimos 
una serie de consideraciones que podrían resultar útiles en futuras investigaciones enfocadas al 
estudio de la evolución geoquímica de Marte: 
- A partir de los resultados obtenidos con los modelos geoquímicos sugerimos que la principal 
razón de desacuerdo entre las secuencias de minerales predichas por los modelos y la 
paragénesis observada en Marte es consecuencia de tres factores: (1) la aplicación de modelos 
cerrados o semiabierto, los cuales no tienen en cuenta los procesos de transporte que ocurren a 
través de la interfase sedimento-agua; (2) el uso de modelos de equilibrio que no incluyen el 
papel de la superficie reactiva en el proceso de disolución de los minerales; (3) el uso de 
modelos que no consideran la velocidad de creación de sobresaturación.  
- En este estudio, hemos desarrollado una expresión cinética para la formación de H2O2 y 
producción de ROS secundarios catalizados por la superficie de la pirita; sin embargo, es 
necesario extender el estudio otras superficies minerales (p. ej., silicatos) para poder analizar de 
manera global, las implicaciones que la formación de estas especies reactivas pudieron tener en 
la oxidación del sustrato marciano en el pasado. 
- Para saber en qué medida la evolución geoquímica de Marte está ligada a la existencia de 
grandes volúmenes de agua líquida en el pasado, es importante que las investigaciones futuras se 
centren en la búsqueda de marcadores adecuados que puedan ser utilizados como “proxies”. En 
ese sentido, el uso de isótopos, cuyos mecanismos de fraccionamiento estén asociados al proceso 
de meteorización acuosa (como es el caso del litio, magnesio y hierro contenidos en los 
minerales primarios del basalto) puede arrojar importante información en el futuro acerca la 
evolución del agua en este planeta. 
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1. Introduction. 
The reactions between mineral surfaces and water play an important role in the evolution of 
geochemical systems, involving a large number of reactive species and mechanisms. The overall 
mass and electron transfer from the mineral to the solution are dictated by surface reactions, 
while the kinetics of the reaction indicates how rapidly the chemical disequilibrium is dissipated 
in the system by mineral dissolution and/or oxidation. The formation of reactive oxygen species 
(ROS) catalyzed by mineral surfaces is crucial in biomedical studies to determine the potential 
risk of human exposure to mineral-induced ROS (Fubini et al., 1995; Fubini and Mollo, 1995; 
Fubini and Hubbard, 2003; Li et al., 2003), as well as in the degradation of organic contaminants 
(Garrido-Ramírez et al., 2010; Navalon et al., 2010; Pham et al., 2012). 
It has been recently reported that the mineral surface of some sulfides and silicates may 
spontaneously produce ROS when they react with water in either presence or absence of O2 
(Borda et al., 2003; Gournis et al., 2002; Javadi and Hanumantha, 2014; Jones et al., 2011; 
Schoonen et al., 2006). The function of these short-lived free radicals is difficult to determine 
because complex chemical methods are required for their detection, as a result, the role of ROS 
in the long term evolution of aqueous systems remains to be clarified.  
Water splitting (which requires 4 electrons to form oxygen) is critical for the generation of ROS 
in anoxic environments because it requires very high oxidation potentials, which makes the 
process energetically unfavorable in natural environments. This fact led to an extensive search of 
mineral surfaces able to catalyze water oxidation by the generation of hydrogen peroxide (H2O2) 
as the intermediate oxidant. Since H2O2 is approximately 94% oxygen (by weight), oxygen gas 
O2(g) is a significant byproduct of several H2O2 decomposition reactions. Moreover, it has been 
showed that oxygen can be generated from the reaction of H2O2 with iron bearing minerals 
(Watts et al., 1999). Because oxygen solubility is low, the oxygen generated from the formation 
of ROS by mineral dissolution may form a gas phase. Thus, the ROS formation by mineral 
surfaces could transform an anoxic environment into an oxic one, in the long term (Borda et al., 
2001; Davila et al., 2008; Lefticariu et al., 2010; Hurowitz et al., 2007; Xu et al., 2013). 
A better understanding of the kinetics of mineral surface reactions involving ROS formation in 
oxygen-limited environments may help to characterize the geochemical conditions of ancient 
aqueous systems. In this context, Mars seems the perfect candidate to study the geochemical 
implications of these reactions in a geological anoxic environment. Although the current 
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conditions of the Martian surface are unfavorable for the survival of large bodies of liquid water; 
several works have proposed a wet early Mars characterized by the presence of paleo-oceans to 
explain the geochemistry and the geomorphological features of this planet (Fairén, 2010; Fairén 
et al., 2011; Fassett and Head, 2008; Squyres et al., 2004). The high density of impact craters 
associated with the Noachian period (up to 3.800 million years ago) may have generated a large 
amount of pulverized minerals, with a highly reactive surface, increasing the dissolution rate of 
primary minerals. Under this scenario, the formation of ROS induced by aqueous reactions of 
the mineral surfaces might have contributed to the increment in the oxidation conditions which 
led to the mineral assemblage of the planet. On the other hand, the study of the geochemical 
evolution of the ocean in the early Earth is linked to the study of other planets due to the lack of 
geological record caused by the intense tectonic activity in our planet. In this context, 
geochemical insights of the evolution of an early ocean in Mars may help to understand the 
evolution of the ocean in the early Earth. 
The purpose of this doctoral thesis is to investigate the reaction mechanisms of the ROS 
formation induced by mineral surfaces to gain a better understanding of the geochemical 
evolution on Mars. To this end, we have combined laboratory kinetic measurements with 
geochemical models in order to extend the kinetic data to a geological scale. 
The oxidative dissolution of pyrite (FeS2), the most common iron disulfide in the Earth´s crust, 
has been suggested as a redox mechanism able to transform reducing environments through the 
precipitation of oxides and sulfates in anoxic environments (Borda et al., 2001; Burns and 
Fisher, 1990; Davila et al., 2008; Eggleston et al., 2012; Zolotov and Shock, 2005). The study of 
pyrite oxidation has been the subject of numerous studies since it plays a significant role in 
several fields, being the primary cause for the formation of acid mine drainage (AMD), which is 
the polluted water generated by mining activities (Amils et al., 2007; Nordstrom et al., 1999). 
The iron and sulfur release by pyrite dissolution also determines the redox reactions in marine 
sediments (Schippers and Jørgensen, 2002) and in deep-ocean hydrothermal systems, where iron 
sulfur minerals have been invoked as the driving force of prebiotic reactions,  the so-called “Iron 
Sulfur World” (Hazen and Sverjensky, 2010; Souza-Barros and Vieyra, 2007). In addition, the 
chemical and electrical properties of pyrite have been considered by engineers as a potential 
material for photovoltaic solar panels (Puthussery et al., 2010) and as a tool for wastewater 
remediation without (Bae et al., 2013; Wang et al., 2012). 
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In spite of the efforts to understand the reaction mechanism of the oxidative dissolution of pyrite 
(Chandra and Gerson, 2010; Descostes et al., 2004; Druschel and Borda, 2006; Heidel and 
Tichomirowa, 2011; Moses et al., 1987; Lowson, 1982; Rimstidt and Vaughan, 2003; Rosso et 
al., 1999; Singer and Stumm, 1970; Williamson and Rimstidt, 1994), the key controls of the 
process are not yet well determined. Although recent studies have reported the spontaneous 
generation of ROS during pyrite dissolution (Borda et al., 2001, 2003; Cohn et al., 2004; 2005, 
2006, 2010; Javadi and Hanumantha, 2014; Schoonen et al., 2010) the kinetics aspects of these 
reactions remain poorly understood, and a better characterization of the half reaction of the 
process in terms of half reaction is highly required. 
It is commonly accepted that ROS formation is induced by pyrite surface that catalyzes the 
dissociation of O2 and H2O molecules adsorbed at pyrite’s defect sites. Pyrite surface species, 
also called dangling bonds, arise from the loss of coordination of the atoms located at these 
defect sites (formed from the rupture of Fe-S and S-S bonds, Figure 1). As a semiconductor 
phase, pyrite is strongly affected by the decompensation of charge produced across its surface, 
and the appearance of dangling bonds promotes a reduction of pyrite’s band gap (from 0.95 eV 
at the bulk to 0.55 eV at the surface), increasing the electron transference from the pyrite 
conduction band to the adsorbed molecules (Krishnamoorthy et al., 2012). Additionally, 
dangling bonds may act alternatively as source or sink of electrons during the adsorption 
processes being the driving force for the H2O2 formation, (equations 1-4, Figure 1) (Schoonen et 
al., 2006) (a detailed description of the crystallographic and electronic structure of pyrite is 
included in the annex). 
During the oxidative dissolution of pyrite, Fe
2+
 is released simultaneously to the formation of 
H2O2 and both species can subsequently react via the Fenton and Haber-Weiss reactions, leading 
to the generation of other ROS.  
The hypothesis that the production of H2O2 and secondary ROS by pyrite surface can generate 
enough oxidation to yield the precipitation of iron oxides (e.g. hematite) and iron sulfates (e.g. 
jarosite) in oxygen limited environments, such as the surface of Mars, has been the motivation of 
this research project. 
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≡Fe2+ (sup)+ O2(g)→ ≡Fe
3+
(sup)+ O2
●-
                                 (Eq. 1) 
≡ Fe2+ (sup) +  O2
•− + 2H+ → ≡ Fe3+(sup) +  H2O2 (ac)   (Eq. 2) 
≡ Fe3+ (sup) +  H2O → ≡ Fe
2+
(sup) + HO
•
(ad)                (Eq. 3) 
HO•(ad) + HO
•
(ad) →  H2O2 (ac)                                       (Eq. 4) 
 
Figure 1: a) dangling bond formation at pyrite surface from the rupture of S-S and Fe-S bonds; b) proposed 
surface reactions that lead to the formation of H2O2 at pyrite dangling bonds. 
 
2. Research objectives 
The overall goal of this research is to combine the experimental data of the ROS formation by 
pyrite surface with geochemical models to explore their influence in the mineral sequence of 
Mars surface in the long-term. To meet this goal, the following specific objectives were defined: 
- To investigate the ROS formation from pyrite surface in real time and without interfering in the 
natural course of the process, under both oxic and anoxic atmospheres. This objective involved 
the design and construction of a continuous flow crystallizer for multiparameter analysis of the 
reactions between mineral surfaces and water. The system allowed us to combine 
electrochemical and spectroscopic techniques to work under oxic and anoxic controlled 
atmospheres at different pressure conditions. 
- To identify the reaction mechanism of ROS formation by determining the kinetic dependencies 
and the surface oxidation induced on pyrite samples. To this end, we employed different 
techniques: (1) electrochemical sensors and spectroscopy measurements to monitor the 
formation of ROS, using the apparatus described above. (2) Microstructural analysis by X-Ray 
Diffraction (XRD, applying the Reverse Monte Carlo method), X-Ray Photoelectron 
Spectroscopy (XPS), Fourier Transform Infrared spectroscopy (FTIR) and electron microscopy 
a) b) 
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(Scanning Electron Microscopy, SEM, Focused Ion Beam, FIB, and High-Resolution 
Transmission Electron Microscopy , HR-TEM). 
- Modeling the main water-rock interaction processes that might have led to the mineral 
sequence identified on Mars surface. To this end, we built kinetic-open models to better 
understand: (1) the temporal and spatial separation between the distribution of phyllosilicates 
and salts (2) the widespread distribution of phyllosilicates observed on the southern highlands 
and the scarcity of these secondary minerals on the northern Lowlands. 
- Modeling the kinetics evolution of ROS formation induced by pyrite minerals based on the 
experimental findings to later analyze their oxidation potential in the geochemical evolution of 
Mars. Accordingly, we designed scripts to deconvolute the H2O2 trend (observed 
experimentally) into generation and degradation reactions and to estimate the formation of 
secondary radicals (i.e. HO
•
, O2
•-
 and HO2
•
). Then, we analyzed the mineral sequence derived 
from the model by applying algorithms that describe this reaction sequence with kinetic 
keywords.  
- To evaluate the oxidation potential of ROS induced by pyrite nanoparticles versus pyrite 
microparticles as a tool for water remediation process. To this end, we have synthesized pyrite 
nanoparticles (characterized by HR-TEM and Selected Area Electron Diffraction, SAED) to 
simultaneous monitor the formation of H2O2 and the degradation of the pollutant. 
 
3. Thesis Organization 
Chapter 1 describes the pyrite samples and the methodology used to design the short-term 
experiments, focusing on the experimental approach utilized to measure, in real time, the 
formation of H2O2 by combining electrochemical and spectroscopic techniques. Then, the 
chapter summarizes the general algorithms of the speciation code used in the geochemical 
simulations.  
Chapter 2 compiles and discusses the experimental results used for the study of the kinetic 
behavior of the formation of H2O2 and secondary ROS by pyrite surface, under both oxic and 
anoxic conditions. These results allow us to identify the main variables that determine the 
process and to propose a reaction mechanism. 
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Chapter 3 addresses the approaches and the boundary conditions used in the long-term models 
for a better understanding of the main weathering processes that might yield the mineral 
assemblage identified on the Mars surface by analyzing different case studies. 
Chapter 4 describes the kinetic model built to explain the process in terms of elementary step-
reactions. This model makes it possible to describe the H2O2 curves and estimates the specific 
rate constants of H2O2 generation by fitting the kinetic data. Then, the chapter addresses the 
geochemical model created to evaluate the oxidizing capacity of the ROS formation in an early 
Mars scenario, by incorporating the estimated rate constants of H2O2 generation.  
Chapter 5 focuses on the study of pyrite nanoparticles as a Fenton-like reagent for their use in 
the water remediation process.  
Chapter 6 summarizes the main conclusions and implications arising from this research. 
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Summary 
 
The formation of Reactive Oxygen Species (ROS) from pyrite-water interaction has been 
described in terms of surface redox reactions. The main challenge in determining the kinetic rate 
of the reactions involved, stems from the high reactivity of these species. 
In this chapter, we detail the research strategy applied to determining the kinetic evolution of 
ROS from pyrite slurries under both oxic and anoxic conditions. Our experimental procedure 
involved the design of suitable bath reactors for multiparametric monitoring by electrochemical 
and spectroscopic techniques, under strictly controlled atmospheric conditions, which allowed 
us to analyse, in real time, the process of ROS formation, as well as the physico-chemical 
parameters in the course of pyrite dissolution. 
Further, we describe additional techniques (XPS, FT-IR, XRD, SEM and HR-TEM) used to 
highlight structural and morphological variations in the samples during the dissolution process, 
in particular, to analyse the oxidation layer formed at the pyrite-water interface. The same 
techniques were used to thoroughly characterize the pyrite samples used in the experiments 
The last section of this chapter reports the numerical approaches applied in Chapters 3 and 4 
used to assess the geochemical implications for possible aqueous chemistry on Mars. These 
numerical procedures were applied to address various questions concerning the geochemistry of 
Mars in the past by using diverse aqueous reaction models as well as case studies. In particular, 
we analysed the influence of ROS induced by mineral surfaces on the oxidation processes 
occurring in Mars soils. 
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1. Pyrite samples used in the experiments. 
 
1.1 Natural pyrite samples. 
Single-crystals of sedimentary pyrite (FeS2) (Ambasaguas, Spain) with cubic morphology 
(~2x2x2 cm) were used as the starting material for sample preparation. Pyrite microparticles 
were made after mechanical milling with a diamond disk. The resulting particles presented an 
average diameter of 1.4 μm measured with laser diffraction particle size analyser, LS13320 and 
a specific surface area of roughly 1.46 m
2
/g determined with N2 (g) adsorption isotherm using the 
Brunauer-Emmett-Teller (BET) method. Particle aggregation was observed during the course of 
the experiments leading to the formation of colloidal clusters with an average surface size of 5-
25 μm2 as determined with optical microscopy and the ImageJ software (Collins, 2007). Single-
crystal [(100) and (111) faces] samples were also used to evaluate if the exposure of different 
atomic terminations to water could induce relevant changes in the kinetics of hydrogen peroxide 
(H2O2) generation and to perform spectroscopic experiments (see experimental set up section 
below). Figure 1 shows the aspect of pyrite samples used. 
 
  
Figure 1: Natural pyrite samples: a) microparticles; b) single-crystal samples. 
 
Prior to use, the pyrite samples were washed by sonication in ethanol (96°) to remove organic 
compounds, in HCl (0.25 M) to eliminate oxide coating and, finally, in deoxygenated water. 
Then, samples were dried and storage in a low vacuum chamber purged with N2 (g) until their 
used. 
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Pyrite microparticles were characterized with SEM using X-ray mapping (XRM) (Figure 2 and 
3) to determine the the amount of impurities and the stoichiometric of the samples. Figure 2a 
shows that the microparticles are non-uniformly distributed and despite of the cleaning treatment 
followed, some ultrafine particles remained attached on the surface. Pyrite grains exhibit 
irregular shapes terminated by sharp edges. Figure 2b represents the complete ED spectrum 
collected for the X-Ray map, showing some impurities (Al, Si, Na, O and C).  
 
  
Figure 2: a) SEM image and b) EDS complete spectrum of the selected area for X-Ray Mapping of pyrite 
microparticles samples. 
 
Detailed elemental distribution of the sample (Figure 3) suggests that –Al, Si, Na and O- 
impurities are related with some silicate mineral grains, which have been shown to be poor 
producers of Reactive Oxygen Species (ROS) in comparison with pyrite grains (Jones et al., 
2012). On the other hand, carbon and part of the oxygen emission are associated with the epoxy 
resin used to prepare mounted samples. 
The estimated stoichiometric ratio of S: Fe of about 1.7 clearly indicated an S-deficient surface, 
suggesting the presence of S vacancies and subsequently a great density of iron deficient charge 
sites promoting by the grinding process (Krishnamoorthy et al., 2013; Nesbitt et al., 1998). 
The low stoichiometry (i.e., have S: Fe ratios < 2) together with the amount and type of 
impurities identified, suggest that pyrite samples used exhibit a n-type semiconductor behavior 
(Rimstidt and Vaughan, 2003). 
a) b) 
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Figure 3: X-Ray mapping showing the element distribution of the pyrite particles. a) sulfur; b) iron; c) 
carbon; d) oxygen; e) silica; f) aluminum and g) copper. 
 
XRD of natural pyrite samples were also performed to confirm that the only mineral phase 
present at the start of the experiments was pyrite, as well as to characterize the structural 
disorder of the samples after grinding process (Figure 4). Results of this analysis give an average 
value of 82 nm, for the crystallite size and a micro-strain of ε < 0.25 ‰, suggesting that no 
relevant distortions existed in the initially lattice of pyrite crystals, nor were they produced 
during the mechanical treatment.  
 
Figure 4: XRD diffractogram and fitted profile employed to characterize natural pyrite particles. 
Experimental data (circles), fitted (line) and difference between them (lower line). 
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1.2 Synthetic pyrite samples. 
Pyrite nanocrystals were synthesized by the hot injection method (Li et al., 2011, Yun-Yue et 
al., 2009).The synthesis was performed in a three-neck flask connected to a reflux condenser. 
The device was heated by an electric mantle temperature-probe controlled.  
Sulphur and FeCl2•4H2O were used as starting materials. Briefly, 0.4 mmol of FeCl2.4H2O were 
dehydrated and dissolved in 6 mL of oleylamine (OA) under N2 atmosphere. The resulting 
solution was maintained at 100°C for 1 hour, until an Fe-OA complex was formed. A solution of 
2.4 mmol of sulphur in 6 mL of OA (to achieve an Fe/S molar ratio of 1:6) was injected, heated 
to 220 °C and allowed to react for 20 min. The mixed solution was cooled to room temperature. 
Finally, nanocrystals were dispersed and separated by centrifugation re-dissolving with several 
aliquots of a 1:1 toluene/ethanol solution. Resulting nanoparticles were characterized by XRD 
and HR-TEM analysis. Data of these analyses are found in chapter 5, to facilitate the reading 
comprehension. 
 
2 Experimental strategy for kinetic experiments. 
The main challenges when attempting to monitor, in situ, the formation of ROS from pyrite 
slurries arise from (1) the difficulty to identify these short-living ROS; and (2) the inability of 
previous experimental designs to monitor in real time the evolution of ROS due to the necessity 
to use specific conditions of measurements.  
Several techniques have been used to detect ROS induced by mineral suspensions, such as:  
- The spectroscopy method of Leuco crystal violet (LCV) developed by Cohn and co-workers 
(Cohn et al., 2005). This method allows quantifying the amount of H2O2 in solution, by 
monitoring the oxidation of LCV by H2O2 in presence of a biocatalyst, the horseradish 
peroxidase (HRP).  
- Electron paramagnetic resonance (EPR), which is the standard method to detect OH
• 
(Fubini et 
al., 1995). This technique uses the DMPO (5, 5-Dimethyl-1-Pyrroline N-oxide) as a spin trap, 
which forms the complex DMPO-OH in the presence of OH
•
. This complex enhances the half-
life of HO
•
 and, thus, its distinctive electron paramagnetic resonance spectrum can be recorded.  
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- Fluorescence methods using probes such as the APF (30-(p-Aminophenyl) Fluorescein). This 
probe has been successfully used to detect ROS formation in pyrite suspensions (Cohn et al., 
2008, 2009; Jones et al., 2011).  
Although these techniques are suitable for certain experimental objectives, they present some 
limitations in following the ROS formation by mineral suspensions in real time. As an example, 
LCV is a strong pH-dependent and requires the use of an iron chelating agent 
(ethilendiaminetetraacetic acid, EDTA) to stabilize H2O2 before the later can be measured; EPR 
requires specialized equipment and is susceptible to artefacts in the presence of ferric iron that 
can induce the DMPO-OH formation in absence of HO
•
 (Makino et al., 1990); and the use of 
fluorescence probes, such as APF, must be pH strictly controlled to prevent interferences in 
fluorescence measurements, necessary for accurate results. 
Thus, we developed a strategy for determining the kinetic evolution of the ROS generated in 
pyrite aqueous suspensions, combining conventional electrochemical and spectroscopy 
techniques in batch reactors designed “ad hoc”. This procedure allowed us to monitor in real 
time the formation of ROS by pyrite/water interaction without the requirement of specialized 
equipment and the use of strictly conditions of measurements. Because H2O2 is the more stable 
ROS, it was used in this study as the target molecule to understand the kinetic aspects of the 
reaction.  
 
2.1 Electrochemical techniques. 
Electrochemical measurements allow us to register in real time the amount of H2O2 and O2 in 
solution, as well as, the variation of physicochemical parameters (pH, redox and temperature) 
without interfering with the natural course of the reaction. H2O2 and O2 concentration were 
monitored using amperometric sensors whereas physicochemical measurements were registered 
with potenciometric sensors. 
 
2.1.2 H2O2 microsensors. 
The temporal variation of the H2O2 concentration in solution was monitored by an amperometric 
microsensor (ISO-HPO-100, World Precision Instruments, Inc.). These sensors contain a 
flexible, activated carbon-fiber sensing electrode coated with a proprietary membrane that 
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enhances the low detection limit (LDL) of H2O2 to a value of 10 nM (ten times lower than in the 
bare Pt electrode; LDL: 0.1 μM) with a response time of < 5 seconds. The environmental noise 
was minimized by a Faraday shield contained in the sensor. The signal was amplified with a 
picoammeter (Apollo 4000 Free Radical Analyser, World Precision Instruments). 
Measurements were taken using a polarization voltage of 0.4 V versus an Ag/AgCl reference 
electrode. At this polarization current, H2O2 is detected by the anodic oxidation produced in the 
working electrode of the microsensor (Figure 5). Since the potential detected by the redox 
reaction in the sensor follows a linear relationship with the amount of H2O2 in solution, the 
concentration of this molecule is easily estimated by a linear regression (see annex). 
 
 
Figure 5: a) Cyclic voltammetry curve of a H2O2 microsensor in the potential window of -0.8 ∼ 1 V with 
0.1 V/s of scan rate in neutral water (pH 7) b) H2O2 microsensor modified with a glass cover. 
 
The accuracy of the sensors was tested for the purposes of this work under a wide range of pH 
and conductivity values of experimental solutions. The performed standard calibrations showed 
that these sensors were suitable for the H2O2 detection under the experimental conditions used in 
this work.  
a) 
b) 
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2.1.2 O2 microsensors. 
Dissolved O2 concentrations were monitored with a Clark-type microsensor (Unisense DK). 
Measurements were taken using a polarization voltage of -0.8 V versus an Ag/AgCl reference 
electrode. This sensor contains a silicone membrane that allows the entrance of dissolved O2 by 
diffusion. Then, the O2 concentration is detected by a catholic reduction (Figure 6).The 
advantages of this sensor are the small diameter of its tip, providing a high response time (<0.3 
sec), and the low detection limit (LDL of 0.3 μM).  
The signals recorded were amplified with a PA2000 2-channel picoammeter (Unisense). 
 
 
Figure 6: O2 microsensor used in the experiments. 
 
2.1.3 Physicochemical sensors. 
Together with H2O2 and O2 evolution, other physicochemical variables were monitored to 
thoroughly characterize the reaction mechanism during the time course of the experiments: 
- The evolution of pH was measured with a glass pH-meter (Vernier FPH-BTA) equipped with a 
Ag/AgCl reference electrode.  
- The redox potential was measured with an Oxidation-Reduction Potential (Vernier ORP) 
sensor equipped with a Ag/AgCl reference electrode.  
- The temperature variation was measured with a Go!temp sensor (Vernier).  
 
2.1.4 Data acquisition. 
The computer data acquisition of the H2O2 and O2 sensors were A/D converted by a high speed 
USB 2.0 device (MC) that contains 8 channels of 16-bit single-ended analog input. Each channel 
was independently configured and the computer data was registered with TracerDAQ™ 
software. 
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pH, redox and temperature sensors were registered with a LabQuest 2 interface (Vernier) using 
the Logger Pro 3 software. The pH and redox sensors were connected with an electrode 
amplifier to the interface. 
Furthermore, USB isolated (Titan) were used to connect the equipment to the PC for preventing 
interferences caused by spurious currents between the electrochemical signals registered. 
 
2.2  Design of Batch reactors for multiparametric monitoring. 
Several types of batch reactors were designed and constructed according to the experimental 
requirements. The first type consisted of methacrylate (Figure 7a) chambers and included a 
lower tube where concentrated slurry of pyrite was injected. These reactors were used to 
performed oxic-open to the atmosphere experiments under room light conditions.  
Oxic - close ([O2] = 224 µM, T°=25°C) to the atmosphere and anoxic experiments under dark 
conditions were performed in a polyamide (Figure 7b) or in an aluminium batch reactors (Figure 
7c). The main challenge in these types of experiments is to prevent the leakage of gases from the 
atmosphere. Hydraulic fitting tubes of different diameters were used to suit each of the sensors 
and the flow of water and gases were adjusted by using leak valves and flow regulators, keeping 
the system isolated.  
   
Figure 7: bath reactors designed for kinetic experiments: a) for oxic-open to the atmosphere made with 
methacrylate; for oxic-closed and anoxic atmosphere b) made with polyamide and c) made with anodized 
aluminium. 
a) b) c) 
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A schematic view of the aluminium reactor designed and constructed for this work is shown in 
Figure 8. The bath reactor was coated with an anodized layer to prevent both chemical and 
electrical interferences. The reactor is equipped with 6 channels on the top to introduce the 
microsensors. These channels connect directly with the inner chamber where the pyrite 
suspension is injected. The inner chamber also presents two fiber optic connections that allow 
simultaneously monitoring UV-VIS spectroscopic data. A perpendicular fiber optic connection 
was used for fluorescence measurements. This was also made possible by the opaque colour of 
the inner chamber walls. The reactor was designed with an external sleeve, separated from the 
inner chamber, where different solutions could be circulated to control and regulate the internal 
temperature in the reactor.  
 
Figure 8: schematic view of the batch reactors used in both oxic-close to the atmosphere and anoxic 
experiments. 
 
2.3 Experimental set-up 
Pyrite slurries experiments were conducted under constant stirring and at room temperature. In 
the case of single-crystal experiments, the formation of H2O2 was monitored in a methacrylate 
plate, where the H2O2 sensor was placed horizontally, 1-2 mm above the crystalline slab. Prior to 
the experiment, the sensors were calibrated and polarized under the same experimental 
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conditions. The next paragraphs briefly describe the experimental set-up followed for the kinetic 
measurements. 
 
2.3.1 Kinetic experiments of ROS formation with electrochemical techniques 
We designed a closed system (isolated from the atmosphere) by connecting tubes between the 
batch reactors and the gas and vacuum input valves to conduct experiments under controlled 
oxic- and anoxic conditions (Figure 9). For the anoxic experiments, the water was first purged 
with bubbling N2 (g) and later introduced in the reactor, which was kept under low vacuum (-
0.1bar). The pyrite particles were stored in an auxiliary test tube connected to the reactor also 
under low vacuum conditions to avoid oxygen adsorption. Once the sensors reached a stable 
baseline, pyrite particles were injected into the reactor by pressure differences.  
 
 
Figure 9: circuit designed for anoxic experiments. 
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2.3.2 Spectroscopic experiments. 
Spectroscopic experiments were designed to measure Fe
2+
/Fe
3+
 and HO
• 
species by monitoring 
absorption bands at specific wavelengths, as follows: 
- Fe
2+
 species were measured using the conventional method of 1, 10- phenanthroline that forms 
an orange complex with Fe
2+
, with a adsorption band at 510 nm (www.standardmethods.org)  
- Fe
3+
 species were measured tracking the absorbance bands in the wavenumber range of 300-
400 nm that correspond to different species of Fe
3+
 coexisting in solution at pH ≤ 5 (Feng and 
Nansheng, 2000).  
- HO
•
 was measured using the crystal violet (CV) as a dye probe. The colour of the dye is 
removed due to the specific oxidation by HO
•
 (Fan et al., 2009). Continuous spectroscopic 
monitoring of the dye at specific wavelength can then be used to determine the HO
•
 generated. 
For this experiment, colorimetric assay was conducted by tracking the decrease of the 
absorbance band at λ = 590 nm in real time.  
Spectroscopic experiments were conducted using a single-crystal of pyrite (~1 cm
2
 x 2mm) or 
pyrite microparticles deposited onto silicone strips as a thin film adhered to the inner reactor 
walls. This was done to prevent data masking due to pyrite particle absorption. Spectroscopic 
data were collected with a fiber optic UV-Vis spectrometry (Black-comet, Stellarnet or 
USB4000, Ocean Optics) and acquired with the SpectraWiz® or loggerpro3 codes. 
Experiments were conducted using a standard quartz cuvette (path length: 1 cm) or a liquid 
waveguide capillary flow cell (LWCC; path length: 250 cm; WPI) when a higher data resolution 
was needed for identifying spectral adsorption changes. Figure 10 shows an experiment 
performed to determine the OH
•
 evolution under oxic-close conditions as an example of one of 
the procedures followed. In this case, the bath reactor itself was used as the cuvette and the 
spectra were recorded in real-time. 
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Figure 10: Spectroscopic experiment for OH
•
 detection under oxic-close conditions 
 
3. Techniques for analyzing structural changes in pyrite samples. 
In addition to the kinetic data register, we analysed the oxidation layer formed during the 
production of ROS from pyrite samples to better understand the role of these species in pyrite 
dissolution process. To that end, we combined several techniques to obtain information from the 
bulk and the pyrite interface. The following sections describe the equipment and the software 
used for data processing, subsequently assembled according to the technique employed. 
 
3.1 X-ray Diffraction (XRD). 
X-ray diffraction (XRD) was used for two purposes characterized “fresh” and “reacted” pyrite 
samples, as well as the amorphous component of the solution interface. 
 
3.1.1 Bulk characterization. 
Powder diffraction patterns were obtained by using a Philips diffractometer with a graphite 
monochromator and CuK-α-radiation (1.54 Å). An angular range of 2–90º 2θ, with a scan rate of 
0.02º min
-1
, was used for data acquisition.  
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Pyrite reflections were indexed using the JCPDS 00-042-1340 card (FeS2 [pyrite]). The XRD 
data was analysed by Rietveld refinements to characterize the degree of structural disorder and 
discard the presence of other crystalline iron sulfides (e.g. marcasite, pyrrhotite and troilite) in 
fresh pyrite samples. The same procedure was followed to identify and quantify the secondary 
phases formed after aqueous pyrite oxidation. Microstructural parameters, crystallite size and 
microstrain were calculated according to the Scherrer method (Scherrer, 1918).  
Qualitative analysis was conducted using the XQUAL software (PDF2 database) while 
quantitative and microstructural analysis were performed using the Fullproff code (Rodríguez-
Carvajal, 1990; Roisnel and Rodríguez-Carvajal, 2000) 
 
3.1.2 Interface characterization. 
A Bruker Smart CCD 1000 diffractometer with a graphite monochromator and MoKα radiation 
(0.7107Å) was used to characterize the water adsorbed on pyrite surface particles. To that end, 
concentrated pyrite slurries were injected into Lindemann capillary tubes, used as sample holder 
(Figure 11). XRD data was collected at the start and after 24h of reaction -the average reaction 
time measured during the kinetic experiments- with 10min counting time for each individual 
spectrum. The water and sample holder scattering were also measured separately. 
 
 
Figure 11: Pyrite slurry in a Lindemann tube. 
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The structural factor of the adsorbed water was analysed by stochastic simulation using the 
Reverse Monte Carlo Method (RMC), which allows calculating the pair distribution functions 
(G(r)) of dissolved ions (Gago-Duport et al., 2008). The data processing applied here involved 
several stages: 
- Raw data was converted to lineal spectra by radial averaging of the Debye–Scherrer rings using 
the GADDS software package from Socabim (Figure 12a). Then, the absorption contribution of 
the Lindelmann tubes with water was subtracted from the data (Figure 12b). 
- The crystal and diffuse component of the sample was deconvoluted, minimizing the intensity 
of the spectrum using a least squares method with the Marquardt algorithm. An ideal crystal 
pyrite with a macrocell (5x5x5) and p3 spatial group, instead of the usual pa3, was used as a 
model to restrain the bond lengths and fit the Bragg component (Table 1). Calculations were 
made using the RMCPOW code (Mellergård and McGreevy, 1999, 2000). 
 
Table 1: Fractional coordinates of the atoms in the supercell, p1 space group was used as initial 
configuration. 
Atom x/a y/b z/c 
Fe1 0.00100 0.00200 0.00300 
Fe2 0.49660 0.00010 0.50360 
Fe3 0.50010 0.50200 0.00110 
Fe4 0.99940 0.50130 0.50380 
S1 0.38570 0.38320 0.38400 
S2 0.11490 0.61140 0.88460 
S3 0.88540 0.11570 0.61430 
S4 0.61530 0.88650 0.11410 
S5 0.61510 0.61320 0.61370 
S6 0.88540 0.38180 0.11490 
S7 0.11470 0.88560 0.38410 
S8 0.38570 0.11610 0.88420 
 
 
 
Chapter 1: Methodology and research strategy 
 
 
30 
 
 
 
 
Figure 12: Data processing to estimate the structural factor of the pyrite-aqueous interface. a) Lineal 
spectra obtained by the radial average of the rings. b) Subtraction of water and Lindelmann 
contributions from the data. 
 
3.2 X-ray photoelectron spectroscopy (XPS).  
XPS is a surface spectroscopic technique that measures the kinetic energy of the electrons 
emitted by the upper 10 nm of a solid sample after being irradiated by a flux of photon beam.  
We used the XPS to determine the surface oxidation states of (001) faces of pyrite single-
crystals after aqueous reaction under oxic and anoxic conditions. Platelets parallel to (001) faces 
were cut (1 cm
2
 x 2mm) and allowed to react with water at different time intervals. Anoxic 
samples were dried with N2 (g) and kept under low vacuum conditions until their analysis. XPS 
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Spectra were obtained using a Thermo Scientific K-Alpha ESCA instrument equipped with a 
monochromatic Al Kα (1486.6 eV) radiation source. Photoelectrons were collected from a take-
off angle of 90º relative to the sample surface. The measurements were made in a Constant 
Analyser Energy mode (CAE) with a 100 eV pass energy for survey spectra and 20eV pass 
energy for high resolution spectra. Charge referencing was conducted by setting the binding 
energy of hydrocarbon peak (C1s) at 285.0 eV (Briggs and Seah, 1990). 
Deconvolution and fitting of experimental data were done with the XPSpeak4.2 software 
(http://www.phy.cuhk.edu.hk/~surface/XPSPEAK/). The Shirley method was used for 
background subtraction and the binding energies of the species identified were assigned using 
values taken from specific literature. Together with the global survey spectra, selective region 
were analysed as follows: 
Orbital S2p: Sulphur spectra contains two spin-orbit, S2p3/2 and S2p1/3, whose contribution 
produce a doublet with a separation of ~1.19 eV and an intensity ratio of 2:1 (Smart et al., 1999). 
The binding energies of sulphur species used in our analysis are summarized in Table 2.  
 
Table 2: Binding energies assigned to sulfur species in the S2p orbital. 
Species B. E (eV) References 
This study (eV) 
(+/- 0.05) 
S
2-
 
161.2 Nesbitt et al., 2000 
161.5  
161.4 Schaufuβ et al., 1998 
S2
2-
 surface 162 
Nesbitt et al., 2000 
162.1 
Schaufuβ et al., 1998 
S2
2-
 bulk 162.7 
Nesbitt et al., 2000, Schaufuβ et 
al., 1998, Smart et al., 1999 
162.8 
Sn
2-
 
161.9-163.2 Smart et al., 1999 
163.2 163.8 Schaufuβ et al., 1998 
163.0-163.4 Buckley and Woods, 1987 
S-Background 164.3 Schaufuβ et al., 1998 164.6 
SO4
2-
 
168.3 Schaufuβ et al., 1998 
168.8 
168.7 Demoisson et al., 2007 
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Orbital Fe2p3/2: In this region, there is one well-defined peak at 707.5 eV that is associated with 
the bulk contribution of octahedral-coordinated Fe 
2+
. In addition to this peak, several authors 
(Bronold et al., 1994; Nesbitt et al., 1998, 2000; Schaufuβ et al., 1998) have shown the existence 
of surface iron species in the neighbouring of broken bonds that contains unpaired electrons, 
resulting in multiplet splitting of their associated photopeaks. The rupture of S-Fe bound gives a 
Fe
2+
- multiplet, while the Fe
3+
- multiplet are due to the broken bonds of S-S. Usually, each 
multiplet contains 3-4 peaks separated by ~ 1 eV. It is assumed that the peaks involved in 
multiplets have the same FWHM values and their intensities decrease as the binding energies 
increase. The existence of these multiplets makes the analyses of the iron species more complex 
to evaluate due to their binding energies are very close. Thus, high resolution energy using 
synchrotron-XPS is needed to obtain more accurate results. However, fitting analysis showed 
that the introduction of these surface species, using the binding energies taken from the literature 
(Table 3), improve experimental data adjustments. Although iron oxides and iron salts also 
present multiplet patterns (Gupta and Sen 1974, 1975), data for FeOOH, Fe2O3 and FeSO4 
species were assigned using just a singular contribution due to the broadness of their peaks. The 
binding energy for these species was taken from the NIST database (http://srdata.nist.gov/xps). 
 
Table 3: Binding energies assigned to iron species in the Fe 2p3/2 orbital. 
Species B. E (eV) References This study (eV) 
Fe
2+
-bulk 707.4 Buckley and Woods, 1987 707.5 
Fe
2+
 surface
a
 
707.1 Nesbitt et al., 1998 
707.82 707.6 Nesbitt et al., 2000 
708.2 Schaufuβ et al., 1998 
Fe
3+
 surface
a
 
708.9 Nesbitt et al., 2000 
709.17 
709.1 Schaufuβ et al., 1998 
FeOOH
b
 711.25 
NIST database 
711.45 
Fe2O3
b
 711.5 711.7 
Fe(III)SO4
b
  713.3 713.5 
 
a
 Main peaks values of the iron multiplets  
b 
NIST data were corrected according to the scale referencing used (285.0 instead of 284.8 eV). 
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Orbital O1s: oxygen spectra provide additional information to test the surface oxidation. 
However, assignation of the oxygen species in orbital O1s is complex due to they appear in a 
narrow range of binding energy. Thus, deconvolution of O1s spectra was done by using only 
three single contributions at 530.2, 531.7 eV and 532.7 eV associated with oxides, hydroxyl or 
sulfate species and adsorbed water, respectively (Pratt et al., 1994, NIST database values). 
 
3.3 Fourier transform infrared spectroscopy (FTIR). 
FTIR was used to analyse the oxidation products of the pyrite interface by identification of the 
functional groups adsorbed to pyrite particles by using a Thermo Nicolet 6700 spectrometer and 
the OMNIC code.  
Aliquots of pyrite slurry were collected at different time intervals during experimental time (0.5, 
1.17, 1.55, 2, 2.55, 3.55, 6 and 8 hours). The aliquots extracted were mixed with KBr, crushed in 
an agate mortar and pestle. Then, FTIR spectra were recorded immediately after pellet 
preparation by transmission mode in the medium infrared region (4000 – 400 cm-1). 
Characterization of the oxidation products on pyrite surface were analysed by monitoring the 
evolution of different absorption bands associated with the IR-active modes of sulphur and iron 
species (Table 4). 
 
Table 4: IR-active modes of sulfur and iron species in aqueous pyrite slurries. 
Species Absorption band (cm
-1
) References 
Water (OH- stretching and bending mode) 3420, 1630 Caldeira et al., 2003 
ν3 splitting of SO4
2-
 (HSO4
-
 and FeSO4) 1170, 1203, 1145 Weerasooriya et al., 2010 
 ν3 and ν1SO3
2-
 (monodentate) 1130, 930 
Borda et al., 2003 ν3 and ν1 S2O3
2-
 (monodentate) 1130, 1000 
ν3 and ν1 S2O3
2-
 (bridging) 1200, 1030 
ν2 SO4
2-
(bending mode)  610 Caldeira et al., 2003 
Fe-O stretching (Fe-O(OH) ferrihydrite) 
480, 650, 700, 835, 935, 
1125 
Caldeira et al., 2003 
Fe-O stretching (Fe-O(OH) oxyhydroxide) 603, 630, 698, 712, 767, 794 Weerasooriya et al., 2010  
OH bending ( amorphous hydrated Fe-OH) 1380, 1600, 3060 Chernyshova, 2004 
S-S streching  420 - 560 Weerasooriya et al., 2010 
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3.4 Scanning Electron Microscopy (SEM) and High-resolution Transmission Electron 
Microscopy (HR-TEM). 
Microstructure characterization of the surface of power and single-crystal samples was 
performed with SEM, before and after pyrite oxidation. All the samples were coated with carbon 
to make them conductors. In addition, X-ray mapping (XRM) analyses were performed to 
determine the stoichiometry of pyrite samples. 
SEM analysis were conducted with a Philips XL 30 that also counts with Energy Dispersive 
Spectrometer (EDS) microanalysis and a wavelength dispersive spectroscopy (WDS) detectors 
that improve the acquisition of x-ray mapping of the samples. Image processing was performed 
with Inca 1.7 and image-J codes. 
Atomic structural characterization of fresh pyrite samples and local disorder induced by the 
dissolution process of reacted pyrite samples were analysed by HR-TEM images, selected area 
electron diffraction (SAED) and Energy Dispersive Spectrometer (EDS) microanalysis. In 
addition, synthetic pyrite nanoparticles were also characterized with these techniques.  
The electron microscopy transmission studies were conducted on a JEOL JEM- 3011 
microscope with accelerating voltage of 200 kV. Images were acquired using Gatan Ultrascan 
1000 CCD camera and Digital Microgrograph software. Data processing was performed with the 
GADDS and image-J codes.  
Due to HR-TEM analysis required extremely thin (35-70 nm) samples; pyrite samples were 
prepared using focused ion beam (FIB) (Figure 13) with a high resolution JEOL JSM-6700 f. 
This procedure allowed us to obtain samples with uniform thicknesses of 20-50 nm and to 
accurately select the regions of interest. 
 
Figure 13: Lamella extraction using FIBs (SEM images): a) selected extraction area; b) pyrite lamella.  
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4. Geochemical models.  
Geochemical models were done to evaluate a wide range of water-rocks interaction processes. In 
general terms, we performed long-term models to analyse the geochemical evolution of 
simulated aqueous solutions on Mars with aqueous 1D-transport models, implementing different 
reaction algorithms. Furthermore, we also incorporated data of the formation of ROS by mineral 
surfaces in order to evaluate if their oxidation potential might have contributed to the oxidation 
state of martian sedimentary deposit, leading for example to the formation of sulphates and 
oxides identified across the planet (Bishop et al., 2004, Chevrier et al., 2006, Christensen et al., 
2001). To that end we firstly characterize the ROS fluxes induced by pyrite surface from our 
experimental data.  
 
4.1 Simulations to analyze the evolution of Martian geochemical systems: long-term 
models. 
Long-term model setups were done to represent different scenarios of the geochemical evolution 
of Mars, as follows: 
- The planet-wide distribution of secondary minerals on Mars suggests an early (i.e. Noachian, 
older than 3.8 Ga), relatively warmer and wetter epoch characterized by a predominant 
formation of Fe-, Mg-phyllosilicates, followed by a relatively drier and colder epoch (i.e. 
Hesperian, between 3.8 and 3 Ga) more conducive to the formation of sulphate-rich evaporitic 
deposits (Bibring et al., 2006), as best exemplified by the playa deposits discovered in Meridiani 
Planum (Squyres et al., 2004). We explored the formation pathways of these mineral sequences 
combining kinetic models for the dissolution-precipitation of solid phases and open conditions 
at the atmospheric and basal interfaces by using different starting conditions. 
- There is a striking hemispheric dichotomy in the distribution of Fe-, Mg-phyllosilicates on 
Mars. Phyllosilicates are scarce in the younger, northern lowlands where they have only been 
found in scattered deposits within impact craters, whereas they are abundant in equatorial and 
tropical regions of the older, southern highlands (Carter et al., 2010; Mustard et al., 2008; Wray 
et al., 2009). We attempted to explain this hemispheric mineral dichotomy by simulating the 
stabilization of phyllosilicate mineral assemblages under different cooling conditions, assuming 
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the presence of a glacial ocean confined to the northern lowlands pole-ward of 30ºN during the 
Noachian period.  
- The possible role of ROS as an oxidation mechanism on the surface of Mars was analysed 
according to the kinetics information extracted from the experimental data (see section below). 
The mineral sequence induced by this reaction was modelled in the long-term, assuming the 
existence of an ancient ocean and a thick CO2-SO2 atmosphere in early Mars (Chevrier et al., 
2007, Pollack et al., 1987, Yung et al., 1997).  
Geochemical calculations of the long-term models were made by using the PhreeqcI 2.17 
software from the USGS (Parkhurst and Appelo, 1999, 2013). This is a speciation-reaction 
geochemical code that implements algorithms to aqueous reaction models, being able to: (i) 
calculate the supersaturation state of each mineral phase and the speciation in a multicomponent 
dissolution; (ii) simulate batch-reaction and one-dimensional transport calculations, 
incorporating reversible and irreversible reactions (i.e. kinetic dissolution-precipitation 
processes, surface-complexation models, mole transferences of reactants and variations in 
pressure and temperature conditions) and; (iii) perform inverse modelling calculations. 
 
4.1.1 Kinetic algorithms. 
The kinetic rates used to model the precipitation-dissolution processes are based in the principle 
of microscopic reversibility (Aagaard and Hegelson, 1982, Lasaga, 1981, 1998), where the 
precipitation rate constant can be calculated from the dissolution rate and the equilibrium 
constant, according to 
Kequilibrium=
Kdissolution
Kprecipitation
= 
k+
k
-
        (Eq. 1) 
It is important to note here that the kinetic constants are only a component in the models. 
Phreeqc estimates the final amount of the dissolved or precipitated mineral in accordance with 
their chemical affinity. Thus, the dissolution rates of primary minerals and the precipitation of 
secondary minerals were modelled using the kinetic law of Lasaga (1981), which is based on the 
Transition State Theory (TST) (Eq. 2) where each sum term represents a single reaction 
mechanism.  
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dm
dt
= −SA (kae
− 
Ea
R
(
1
T
−
1
298.15K
)a
H+
n1 + kne
−
En
R
(
1
T
−
1
298.15K
) + kbe
−
Eb
R
(
1
T
−
1
298.15K
)a
H+
n2 ) (1 − Ωp)q(Eq. 2) 
where,  
dm/dt is the mineral dissolution/precipitation rate (mol s
-1
);  
SA is the reactive surface area (m
2
);  
ka, kn, kb are the rate constants for dissolution in acidic, neutral or basic media (mol∙m
-2∙s-1); 
R is the gas constant (8.3144621 in J K−1 mol−1); 
T is the temperature (K);  
aH + is the proton’s activity, and the exponents, n1 and n2, are connected with the reaction order, 
indicating when the reaction has been catalysed (positive exponent) or inhibited (negative 
exponent) by protons; 
Ω is the mineral saturation index; and the exponents, p and q, are empirical constants related to 
the dependence of dissolution/precipitation rates on supersaturation, and they are dimensionless;  
Ea is the activation energy for the dissolution and precipitation of aqueous minerals (Kj/mol) 
Because the dissolution rate of silicates depend on the kinetic constrains derived from three main 
factors -pH, temperature and reactive surface- the accuracy of these rates depends on the exact 
number of terms available in the databases to include in Eq. (2). Rate parameters (i.e., kinetic 
constants and activation energies) for the involved mineral phases used in the models were 
obtained either from the compilation given by Palandri and Kharaka (2004) or from the LLNL 
(Lawrence Livermoore National Laboratory) database (Table 5). 
Table 5: kinetics values used in the models to calculate the dissolution/precipitation of mineral phases.  
Primary minerals: Basalt phases 
Mineral phases 
Acid Mechanism  Neutral Mechanism 
logk
a
 E
b
 n
c
 logk
a
 E
b
 
Anorthite CaAl2Si2O8 -3.50 16.6 1.411 -9.12 17.8 
Diospside CaMgSi2O6 -6.36 96.1 0.710 -11.11 40.6 
Enstatite Mg2Si2O6 -9.02 80.0 0.600 -12.72 80.0 
Fayalite Fe2SiO4 -4.80 94.4 - -12.80 94.4 
Forsterite Mg2SiO4 -6.85 67.2 0.470 -10.64 79.0 
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Secondary minerals: Phyllosilicates 
Mineral phases 
Acid Mechanism Neutral Mechanism Basic Mechanism 
logk
a
 E
b
 n
c
 logk
a
 E
b
 logk
a
 E n
c
 
Kaolinite  -11.31 66 0.777 -13.18 22 -17.05 18 -0.472 
Chlorite group -11.11 88 0.500 -12.52 88 - - - 
Smectite Group  -10.98 24 0.340 -12.78 35 -16.52 59 -0.40 
 
Secondary minerals: Oxides and salts 
Mineral phases 
Acid Mechanism Neutral Mechanism Basic Mechanism 
logk
a
 E
b
 n
c
 logk
a
 E
b
 logk
a
 E n
c
 
Hematite  -9.39 66 1.00 -14.60 66    
Goethite  - - - -7.94 87    
Jarosite  -7.9 - - -7.7 55    
Gypsum  - - - -2.79 42 - - - 
Alunite  - - - -9.70 37    
Gibbsite -7.65 48 0.992 -11.50 61 -23.6 48 -1.503 
Calcite -0.3 14 1.000 -5.81 24 *-5.37 *35 *0.500 
a. Rate constant k computed from A and E, 25º C, PH = 0, mole m-2s-1 
b. Arrhenius activation energy E, KJ mole-1 
c. Reaction order n with respect H+, *with respect Fe3+ 
* These values are referred to the carbonate mechanism (PCO2) 
 
The role of pH on the kinetics dissolution and precipitation of silicates is included in Eq. 2 by 
using a specific rate constant for each pH range (i.e acidic, neutral and alkaline). In addition, the 
activation energy (Ea) that renders information about the thermal agitation of atoms incorporates 
the temperature dependency. Thus, when the solution temperature decreases, kinetic processes 
slow down, including clay precipitation.  
On the other hand, surface area shows a first order dependency in the kinetic equation (Eq. 2) 
and is expected to have a significant effect over basalt dissolution. In the models, reactive 
surface depends on both the size of basalt fragments as well as the textural and compositional 
distribution of minerals at the rock surface. The estimation values of this parameter were done 
by replicating the procedure reported by Sonnenthal et al., (2005) and Van Pham et al., (2012) 
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(see chapter 3 for a detailed description of the calculations). In addition, we implemented a new 
algorithm to facilitate the estimation of the surfaces areas from their initial mineral composition 
(see annex). 
 
4.1.2 Open system approach for geochemical models. 
We modelled the sedimentary sequences on Mars using open-to the atmosphere and to the 
substrate- system models. 
Phyllosilicates can precipitate as solid phases from a solution in equilibrium with basalt at 
circumneutral pH values. This process consumes the main anion derived from basalt, the silicate 
group, leaving an excess of free cations in solution. Salt precipitation is only possible if some 
additional anion sources exist, such as the input of volatiles (e.g. CO2, Cl2, SO2). Thus, the 
models allowed ionic exchange between the atmospheric gases and the solution. 
As the models were open to atmosphere, we considered that the loss of water was the main 
factor that induced supersaturation in the system. This supersaturation was generated by 
evaporation and/or simultaneous cooling. Cooling affects selectively the supersaturation of 
secondary phases as a function of their solubility dependence on temperature and, upon ice 
formation, removing water from the system. Evaporation was modelled according to the free 
convection approach parameterized for Mars (Altheide et al., 2009, Ingersoll, 1970; Sears and 
Moore, 2005; Sears and Chittenden, 2005) (see chapter 3 more a detailed description of the 
procedure followed). A new algorithm was implemented to calculate the specific evaporation 
rate constant in function of temperature, pressure and the ratio surface/volume of the reservoir 
(see annex). 
Simultaneously to the atmospheric interaction processes, the vertical migration of ions across a 
porosity basaltic sediment column was also allowed. The vertical migration of cations into the 
subsurface was modelled by using an algorithm based on the General Diagenetic Equation 
(Berner, 1980), which includes the advection, diffusion and reaction components to model ionic 
and water transport into sediments:  
(
∂C
∂t
)
x
= - (
∂F
∂x
)
t
+R            (Eq. 3) 
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Where C is the concentration of each species in solution (mol/kgw); F is the flux through the 
sediment column (mol m
-2
s
-1
) and; R is a reaction term that includes the rate at which a 
component is produced or consumed by different reaction mechanisms (i.e. dissolution, 
precipitation, and adsorption). The Flux term has two parts. Firstly, the advective transport term 
Fadv = vC, which results from the flow of water (v) and, secondly, the diffusive flux which is 
given by Fick’s first law (Fick, 1855; Brogioli and Vailati, 2001): 
Fdiff=-D (
δC
δx
)
t
          (Eq. 4) 
where, 
D (m
2
s
-1
) is the diffusion coefficient of each species in dissolution.  
Thus, the general advection-diffusion-reaction equation applied in the calculations was: 
(
δC
δt
)
x
=D (
δ
2
C
δx2
)
t
-v(
δC
δx
)
t
+R        (Eq. 5) 
When basalt is fractured, water can infill the sediment column. In this case the amount of solid 
phase in the system is greater than the space filled by water. Consequently, no convection occurs 
and mass transport is restricted to advection and/or diffusion. If porosity is such that water is 
distributed in stagnant (immobile) cells only the transport of ions occurs -when a concentration 
gradient exist- in accordance with Fick’s laws of diffusion (Eq. 4).  
A simple criterion to evaluate whether advection is important, compared with diffusion, is the 
dimensionless Peclet number (Lerman, 1975): 
Pe=
Ds
L.U
           (Eq. 6) 
With Ds = molecular diffusion coefficient; L = average distance and; U = flow velocity of 
porewater. Diffusion is the dominant process when Ds>>LU. In diffusion models, we used 
porosity values of 0.3 and 0.4, corresponding to weathered basalt or basaltic sands (McWhorter 
and Sunada 1977; Freeze and Cherry 1979). For these porosity values, the advective flow 
velocities (U) are in the order of 0.001 to 1cm/yr. And for a value of Ds = 100 cm
2
/yr, advection 
is only important when migration (L) distances are greater than 1 meter (Berner, 1980). 
Consequently, diffusion can be considered as the major transport process in the models.  
The models allow considering either single average diffusion coefficient or multidiffusion. In the 
latter case we used the values of tracer diffusion coefficients (Dw) given in the Phreeqc database. 
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An average value of Dw= 10
-9
 m
2
s
-1
 was employed as default when, for a particular species, Dw 
was lacking in the database. The effective diffusion coefficient (Ds) in porous media such as 
weathered basalts, are estimated from the water diffusion coefficients (Dw) and porosity (ϕ) by 
using the Archie’s Law: 
Ds=Dwϕ
n           
(Eq. 7) 
Where n, the cementation exponent, varies from 1.3 for diffusive gas to 5.4 for clays (Navarre-
Sitchler et al., 2009) 
 
4.2 Kinetic modeling of ROS formation at pyrite surfaces: short-term models.  
In order to understand the reaction mechanism of the aqueous formation of H2O2 and other ROS 
from the surface of pyrite, we used the computer code Copasi 4.8 (COmplex PAthway 
SImulator) (Hoops et al., 2006). This software is an open source application for solving 
mathematical models that allows incorporating chain reaction sequences. This code also 
integrates diverse simulation approaches to facilitate the analyses of individual flux reactions, 
parameter scans and parameter estimation procedures. Thus, a kinetics model was created to fit 
the experimental curves of H2O2 by assuming that it depends on the coupling between the H2O2 
generation at pyrite defect sites and the H2O2 degradation by Fenton reactions (Figure 14). These 
models allowed us to obtain information about the reaction flux of secondary ROS and to better 
understand the interplay between the measured parameters- pH, O2 and Fe
2+
/Fe
3+
- with the H2O2 
observed during the time course of the experiments (see chapter 4 for a detailed description of 
the procedure followed). 
 
Figure 14: schedule of the formation-degradation H2O2 reactions included in the short-term. models 
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Summary 
 
In this chapter, we analyze the generation and decay of Reactive Oxygen Species (ROS) at the 
pyrite-water interface under both, oxic and anoxic conditions.  
We report the kinetic data obtained from batch experiments, focusing on the evolution of H2O2, 
O2 and the concurrent changes in physicochemical variables (e.g. pH) monitored in real time. 
We also present results from complementary experiments designed to obtain information on the 
rate of iron and sulfate delivery to solution, as well as the mechanism of hydroxyl radical 
formation. In addition, we analyze the structural and chemical changes induced by oxidation of 
pyrite crystals, using multiple analytical techniques such as X ray diffraction (XRD), infrared 
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and electron microscope (SEM, 
HR-TEM). Finally, we propose a theoretical reaction mechanism consistent with the 
experimental data. The observed trend of H2O2 is described as a kinetic competition between the 
formation of H2O2 by pyrite iron surface defect sites upon contact with water, and the H2O2 
decomposition by the Fenton reaction.  
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1. Introduction. 
The aqueous oxidation of pyrite has been described as an electrochemical process that involves a 
stepped sequence of electron transfer reactions between mineral surface defects sites, adsorbed 
O2 and H2O, leading to the release of SO4
2-
 and Fe
2+
 to the solution. During this complex 
oxidation process, H2O2 and other reactive oxygen species (ROS) are generated as transient 
species under both oxic and anoxic conditions (Borda et al., 2001, 2003; Cohn et al., 2004, 
2005, 2006, 2010; Gil-Lozano et al., 2014; Lefticariu et al., 2010; Schoonen et al., 2010).  
It is usually assumed that the adsorption of O2 takes place at the iron dangling bonds, being these 
cathodic reactions the rate limiting steps of pyrite oxidation (Rosso et al., 1999b, Williamson 
and Rimdstidt, 1994). Under oxic conditions, H2O2 formation appears to be preceded by the 
formation of the superoxide anion (O2
•-
) derived from an electron transfer between the surface 
ferrous iron and the adsorbed O2(aq)  throughout the Habber-Weiss reaction (Figure 1). In the case 
of anoxic conditions, active sites of ferric iron derived from broken disulfide are responsible for 
hydroxyl radical (HO
•
) formation via water splitting (Figure 1). Both reactive oxygen species 
(O2
•-
, HO
•
) trigger the formation of H2O2. Nevertheless, the amount of H2O2 measured in 
solution under both oxic and anoxic conditions is rather different, and several studies have 
questioned that the ROS formation can actually take place in O2 absence (Cohn et al., 2009, 
Schoonen et al., 2010). We predicted that a kinetic analysis of H2O2 formation together with the 
continuous monitoring of physicochemical parameters associated with aqueous pyrite oxidation 
could shed new light on the reaction mechanism, and would allow us to accurately estimate the 
formation of ROS under both oxic and anoxic conditions. 
 
Figure 1: Proposed reaction pathways for the formation of H2O2 by iron surface defect sites on pyrite. 
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2. Kinetic experiments  
 
2.1 Time evolution of H2O2 in solution: the general trend. 
In our first series of measurements, we determined the concentration of H2O2 as a function of 
time in initially neutral aqueous suspensions of pyrite under oxic and anoxic conditions. 
Data shown in Figure 2a corresponds to the average H2O2 concentration obtained from three 
repeated runs with almost identical particle load under oxic conditions (1.00 +/- 0.03 g/l, pH0 = 
7.2 +/- 0.1). For the same initial conditions, but under an anaerobic environment, the time 
dependence of H2O2 seems to follow a similar trend a slightly delay in the start of the H2O2 
decomposition stage (Figure 2b). 
 
  
Figure 2: Curves of H2O2 monitored in unbuffered neutral aqueous pyrite suspensions: a) average curve 
estimated from three slurries under oxic conditions (particle load = 1.00 +/- 0.03 g/l), b) H2O2 curve 
registered under anoxic conditions (particle load = 1.09 g/l).  
 
H2O2 evolution follows a general pathway consisting of an S-shaped stretched exponential 
profile, with a first stage marked by the increase of H2O2 in solution. This process is generally 
fast until a critical concentration of H2O2 is reached. From this moment, the amount of H2O2 
steadily decreases towards a nearly stationary value. The asymmetrically shaped curves indicate 
that the observed rate of H2O2 generation is about an order of magnitude higher than the rate of 
H2O2 decomposition.  
a) b) 
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The most remarkable result derived from these experiments is that the time course of H2O2 in 
solution always follows a coupled generation-decay path driven by the competition between 
formation and degradation reactions. This transitional period ultimately leads to a stationary 
value, where a residual amount of H2O2 (~ 1000 nM) remains stable in solution. 
 
2.2 Factors controlling the evolution of H2O2 in solution. 
 
2.2.1 The influence of the load particle and the reactive surface on the H2O2 
formation.  
In terms of mass, a linear reciprocation between the amount of pyrite particles and the net 
amount of H2O2 formed has been reported in previous studies (Borda et al., 2001; Cohn et al., 
2004, 2006, 2010). In principle, a greater amount of pyrite (for a given average particle size) 
increases the reactive surface area, and therefore a proportional increase in H2O2 should be 
expected.  
The experiments showed a significant variation in the amount of H2O2 produced in solution from 
pyrite slurries as a function of particle load, as well as on the time-span and the shape of the 
curves registered under both, oxic and anoxic conditions. In most experiments, characteristic 
shoulders or secondary maxima with variable amplitude were observed at the intermediate stages 
of the process (Figure 3). This variability points to a differential coupling between the whole set 
of physico-chemical parameters that affects pyrite dissolution, which in turn, determine the 
efficiency to generate and degrade H2O2 from the pyrite surface. For example, alongside the 
formation of H2O2, pyrite dissolution releases Fe
2+
 into solution, which can react with the H2O2 
via Fenton and Haber-Weiss reactions (Eqs. 1-4).  
H2O2 + Fe
+2
 → Fe+3 + OH- + OH•           (Eq. 1) 
H2O2 + Fe
+3
 → Fe+2 + H+ + HO2
•
       (Eq. 2) 
HO2
•
 → O2
•- 
+·H
+
         (Eq. 3) 
                Fe+2 / Fe+3 
O2
•-
 + H2O2 → OH
• 
+
 
O2 + OH
-
        (Eq. 4) 
Thus, the net amount of H2O2 observed in solution is the result of a complex kinetic competition 
between the formation of H2O2 on the pyrite surface, and its decomposition due to reaction with 
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dissolved Fe
2+
 and Fe
3+
. Therefore, the increase of the surface area (in terms of pyrite load 
particle) should increase the formation of H2O2, it also enhances the Fe
2+
 delivery to the solution, 
promoting H2O2 degradation. 
 
  
Figure 3: Behavior of H2O2 evolution induced by three slurries with different load particle (inset) in 
unbuffered neutral water under: a) oxic conditions, b) anoxic conditions.  
 
Consequently, we predicted that a better assessment of the influence of pyrite mass on the 
generation of H2O2 could be obtained from the initial observed rate of H2O2 formation (k0 obs.). 
We assumed that during the initial stages of the experiments decomposition reactions would not 
have a significant effect on the net amount of H2O2 generated. Thus, we estimated the k0 obs. 
considering that the formation of H2O2 follows a pseudo-zero-order reaction at the beginning of 
the experiment (i.e. when the concentration of H2O2 versus time can be approximated by a linear 
regression, being the slope of this linear regression k0 obs in M s
-1
). 
Figure 4 shows the k0 obs. as a function of pyrite particle load. For both oxic and anoxic 
conditions, a direct correlation between k0 obs and particle load is observed. However, the linear 
agreement is poor, suggesting that in addition to particle load other factors may play and 
important role in the formation of H2O2 at initial stages of the reaction. One possible explanation 
for the poor correlation between particle load and the k0 obs may reside in the differential 
distribution of iron defect sites (i.e. undercoordinated iron located at the grain edges, corners, 
defects and cleavages on the surface of pyrite) which varies significantly from grain to grain, and 
can also be induced by subtle differences in sample cleaning treatments (Fisher et al., 2012). 
 
a) b) 
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Figure 4: estimated initial H2O2 formation rate versus pyrite loading used in the experiments: a) oxic 
conditions b) anoxic conditions (some experiments could not be used to calculate the initial formation rate 
due to the destabilization of the H2O2 at the beginning of the experimental time). 
 
To evaluate the effects of the distribution of iron defect sites on H2O2 formation, we exposed 
different crystallographic faces of single pyrite crystals to solution (Figure 5a). Although both 
faces are Fe-terminated, the density of iron defect sites is rather different on each face (De 
Leeuw et al., 2000; Guevremont et al.; 1998b; Mutte, 2007). Lattice based calculations (Wang et 
al., 2010) yield a density of Fe
2+
 in the (111) plane of about 14.7 atom/nm
2
 and only of 6.78 
atom/nm
2
 in the (001) plane. Clear differences were observed between the k0 obs on (001) and 
(111) faces, being faster in the later (Figure 5b), which supports the hypothesis that the amount 
of H2O2 generated at the initial stage of the reaction is greatly influenced by the iron defect sites 
density, specific for each crystallographic face as a result of lattice anisotropy. 
 
 
Figure 5: a) Trends of H2O2 formed by (111) and (001) faces of pyrite single-crystals upon contact with 
H2O under oxic conditions b) Initial observed rate of H2O2 generation from both crystallographic faces. 
a) b) 
a) b) 
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Hence, the increase of the formation rate of H2O2 formation with the load particle is not clearly 
observable in our experiments because microscopic effects are affecting the process (e.g. 
crystallographic orientation and defect sites distribution in pyrite grains). Thus, in addition to 
particle load, the number and efficiency of active sites must be taken into account when 
considering the rates of formation of H2O2 from pyrite crystals.  
 
2.2.2 The influence of pH. 
Several studies have shown that pyrite oxidation is pH-dependent, changing the rate of the 
released products (iron and sulfate) and thus, the stoichiometry of the dissolution process 
(Descostes et al., 2004; Heidel et al., 2010; Schoonen et al., 2000). In aqueous pyrite slurries, 
pH is controlled by the interplay between the ions delivered by pyrite dissolution (Fe
2+
/Fe
3+
, H
+
 
and SO4
2-
) and the reaction sequence of free radical formation (Table 1). Consequently, the 
stability of H2O2 in solution is expected to be affected by variations in pH. 
 
Table 1: Reactions involved in the formation and decomposition of H2O2 by free radicals mechanism 
(Fenton-Weiss reactions) and in the Fe
3+
 hydrolysis. 
Fenton-Weiss reactions Iron hydrolysis 
𝐅𝐞𝟐+ + 𝐇𝟐𝐎𝟐 →  𝐅𝐞
𝟑+ + 𝐇𝐎• +  𝐎𝐇−                (1) Fe3+ + H2O =  FeOH
2+ + H+                 (9) 
𝐅𝐞𝟑+ + 𝐇𝟐𝐎𝟐 →  𝐅𝐞
𝟐+ + 𝐇𝐎𝟐
• +  𝐇+                  (2) Fe3+ +  2H2O =  Fe(OH)2
+ + 2H+         (10) 
𝐅𝐞𝟐+ + 𝐇𝐎• →  𝐅𝐞𝟑+ +  𝐎𝐇−                               (3) Fe3+ +  3H2O =   Fe(OH)3
0 + 3H+         (11) 
𝐇𝟐𝐎𝟐 + 𝐇𝐎
• →  𝐇𝐎𝟐
• + 𝐇𝟐𝐎                               (4) Fe
3+ +  4H2O = Fe(OH)4
− + 4H+          (12) 
𝐅𝐞𝟐+ + 𝐇𝐎𝟐
• →  𝐅𝐞𝟑+ +   𝐇𝐎𝟐
−                              (5) 2Fe3+ +  2H2O = Fe2(OH)2
4+ + 2H+    (13) 
𝐅𝐞𝟑+ + 𝐇𝐎𝟐
• /𝐎𝟐
•− →  𝐅𝐞𝟐+ +  𝐇+ + 𝐎𝟐               (6)  
𝐅𝐞𝟐+ + 𝐎𝟐 →  𝐅𝐞
𝟑+ + 𝐎𝟐
•−                                   (7)  
𝐅𝐞𝟐+ + 𝐎𝟐
•− + 2𝐇+ →  𝐅𝐞𝟑+ +  𝐇𝟐𝐎𝟐                   (8)  
 
 
In unbuffered neutral pyrite suspensions, the evolution of pH follows an initial induction period 
characterized by a strong acidification, followed by an asymptotic trend towards a constant and 
low pH value (Figure 6). The rapid acidification coincides roughly with the region where the 
H2O2 is accumulated in solution (Figure 3). Under anoxic conditions (N2 atmosphere), the initial 
drop in pH occurs faster than under oxic conditions (2 hours vs 10 hours). After the initial drop 
the pH is buffered around a pH range of 4.5-5, under oxic conditions and around 5-6, under 
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anoxic ones. The increase of the pyrite loading seems to accelerate the proton release at the 
induction period under both atmospheres.  
 
 
Figure 6: pH evolution in unbuffered neutral aqueous pyrite slurries - with different pyrite loadings - 
under a) oxic and b) anoxic conditions.  
 
We also investigated the effect of initial pH solution to establish if it could promote substantial 
variations on the evolutionary trend of H2O2 (Figure 7). Pyrite slurries were allowed to react in 
acidic (pH = 4) and alkaline (pH =10) buffer solutions under oxic conditions. While the general 
asymmetric behavior resulting from H2O2 generation-degradation process was still observed, 
important differences concerning the time course of H2O2 were noted in each case. With a buffer 
solution at pH = 4 the formation of H2O2 takes place rapidly, followed by an oscillatory behavior 
that progressively decreases in amplitude, leading to the complete disappearance of H2O2 in 
solution (~12 hours). Although, H2O2 is more stable at pH ~ 4.5 a high instability of this 
molecule was observed around this pH value. This could be explained by the fact that the 
maximum efficiency of Fenton reaction also occurs at slightly acid pH (pH ~ 3) and that iron 
delivery by pyrite dissolution is faster under acidic conditions (Descostes et al., 2004; Heidel et 
al., 2010; Schoonen et al., 2000). Therefore, with initially low pH, a high concentration of Fe
2+
 
/Fe
3+
 species in solution is promoted, which rapidly catalyzes the formation/degradation of H2O2 
by opposite free radical reactions (Table 1).  
On the other hand, and despite the instability of H2O2 under alkaline conditions, the amount of 
H2O2 in the pH = 10 buffer solution was observed to be more stable. This could be explained by 
the lesser efficiency of the Fenton reaction. Under alkaline conditions, the oxidation rate of Fe
2+
 
a) b) 
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by O2 increases and the hydrolysis of Fe
3+
 favors the precipitation of Fe
3+
-oxides and/or 
oxyhydroxides, resulting in a lower amount of the iron species in solution. 
 
Figure 7: H2O2 curves from pyrite slurries in different buffer solutions under oxic conditions (pH =4, load 
particle = 2.95 g/l; pH = 10, load particle = 1.18 g/L). 
 
2.2.3 The influence of O2 (aq). 
As mentioned before, the aqueous oxidation of pyrite by molecular O2 has been described as a 
cathodic reaction led by electron transference between iron surface atoms and the O2 adsorbed. 
Then the nearby sulfur sites are oxidized by H2O nucleophilic attack (Eqs. 5 and 6) (Rosso et al., 
1999a; Rosso and Vaughan, 2006; Williamson and Rimstidt, 1994)   
0.5O2 + 2H
+ + 2ē →  H2O        (Eq. 5) 
Fe − S − S + H2O → Fe − S − S − O + 2H
+ +  2ē      (Eq. 6) 
This mechanism has been well documented using isotopic data, which indicates that the O atoms 
in sulfate are mostly derived from H2O molecules during the oxidation process (Reedy et al., 
1991; Usher et al., 2004). However, the elementary steps of pyrite oxidation by O2 are not yet 
fully understood. McKibben and Barnes (1986) were the first to propose that pyrite oxidation 
involves the dissociation of O2 adsorbed on the pyrite surface into individual O species or H2O2. 
In accordance with the overall rate (Eq. 7), aqueous pyrite oxidation only involves O2(g) 
consumption: 
FeS2+ 3.5O2+ H2O→Fe
2++ 2SO4
2-
+ 2H+       (Eq. 7) 
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However, if oxidation proceeds through a free radical mechanism it is expected that the uptake 
and release of oxygen takes place sequentially because O2(g) can be either a product or a reactant 
(Table 1). To better understand the role of molecular oxygen on the aqueous oxidation of pyrite, 
we monitored oxygen evolution reactions (OER) under both oxic and anoxic conditions. As 
shown in Figure 8, the trends obtained under both conditions are different, pointing to dissimilar 
reaction mechanism. In the presence of dissolved O2 (Figure 8a), O2 evolution is characterized 
by an asymptotic decrease followed by a slight increase. On the other hand, the general trend 
under anoxic conditions is characterized by an initial stage where the O2 is formed, followed by 
a period of O2 consumption (Figure 8b). 
  
Figure 8: O2 evolution from pyrite slurries in unbuffered neural water- at different particle loads- under 
both a) oxic and b) anoxic conditions. 
 
To clarify the role of O2 over the formation of H2O2, we simultaneously monitored the evolution 
of both molecules from pyrite slurries at initial neutral pH. Under oxic conditions (Figure 9), 
[H2O2] increased whereas O2 is rapidly consumed at the beginning of the experiment (see inset). 
In this initial period, the amount of Fe
2+
 supplied to the solution by pyrite dissolution is expected 
to be low, so it is reasonable to assume that O2 consumption is mainly led by iron oxidation over 
Fe
2+
-defect sites forming the superoxide anion (O2
•-
) and subsequent production of H2O2 through 
the Habber-Weiss reaction (Eq. 8 and 9) (Haber and Weiss, 1934; Cohn et al., 2006; Schoonen 
et al., 2010): 
Fe2+ surf+ O2 → Fe
3+ surf + O2
•-
         (Eq. 8) 
Fe2+ surf+  +  O2
•-
+ 2 H+ → Fe3+ surf+ +H2O2       (Eq. 9) 
a) b) 
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Increasing values of the ratio H2O2:O2 in solution simultaneous to the drop in pH, may involve a 
change in the stoichiometry of the reaction. H2O2 may start to oxidize Fe
2+
 by the Fenton 
reaction, leading to a minor O2 consumption and H2O2 decomposition (González-Davila et al., 
2005; Santana-Casiano et al., 2006). The small rise in O2 observed at the end of the experiments 
suggests that Fe
3+
 reduction by the rate-limiting step of the Fenton reaction, named “Fenton 
like”, was producing O2 (Eq. 6 in Table 1). Another path to form O2 could be the “catalase-like 
reaction” by Fe3+-O patches formed on the surface of pyrite (Schoonen et al., 2010). 
 
Figure 9: Simultaneous trends of O2 and H2O2 obtained from pyrite slurry with unbuffered neutral 
water (load particle = 1.75 g/l). The bottom figure shows the first two hours of the reaction. 
 
Under anoxic conditions, O2was initially produced simultaneously to H2O2 (Figure 10). Borda et 
al. (2003), noted that the surface of pyrite may be able to produce hydroxyl radicals (OH
•
) by the 
reaction of adsorbed water at Fe
3+
-defect sites in absence of molecular O2 (Eqs. 10 and 11): 
Fe3+ surf+ H2O→ Fe
2+ surf+ HO
•
(ad)+H
+                  (Eq. 10) 
HO•(ad)+HO
•
(ad)→ H2O2 (aq)                  (Eq. 11) 
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However, the formation of O2(aq) as a by-product is not explained by this mechanism. A possible 
explanation for the formation of O2 could be associated with the reaction of H2O2 at these 
superoxidized sites at the beginning of the experiment through heterogeneous Fenton-like 
reaction (Eqs. 12 and 13) or via non-radical disproportionation of H2O2 (Eq. 14)  
Fe3+ surf+ H2O2 (aq)→ Fe
2+ surf+ HO2
•-
(ad)
+H+                (Eq. 12) 
Fe3+ surf+ HO2
•-
(ad)
→ Fe2+ surf+ O2+H
+                 (Eq. 13) 
 H2O2 (aq)→ H2O+ 0.5O2                  (Eq. 14) 
After this initial period, the amount of O2 in solution started to decrease because the progressive 
oxidation of pyrite by both O2 and H2O2, ultimately leading to O2 consumption. 
 
 
Figure 10: simultaneous trends of O2 and H2O2 produced by pyrite slurry under anoxic conditions (load 
particle = 1.09 g/L). The bottom figure shows the first two hours of the reaction. 
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2.3 The co-evolution of pH, O2 and H2O2. 
As shown in the previous section, the evolution of H2O2 is clearly dependent on pH and O2 
concentration. Thus, to tease out the effect of these variables over the generation of H2O2, we 
performed specific experiments to simultaneously monitor the trend of H2O2, pH and O2 in real 
time. Figure 11 shows the kinetic data obtained from these three variables under oxic conditions. 
At the start of the reaction, it was observed that H2O2 increase coincides with the main drop in 
dissolved O2, whereas the pH trend indicates a net proton release into solution. As pyrite 
dissolution is a multistep reaction mechanism, the reduction of O2 at the cathodic site also leads 
to an anodic oxidation at the nearest sulfur sites, releasing H
+
 into solution (Eq. 6). But, at the 
same time, if H2O2 is formed through equations 8 and 9, a H
+
 consumption in this period should 
be expected. This fact supports the hypothesis that the electron transfer between adsorbed O2 and 
iron defect sites is the rate-limiting step of the process. At pH values around 5.5 H2O2 starts to 
decompose by the Fenton reaction, and as such the observed acidification is related to the 
deprotonation of perhydroxyl radical (OH2
•
, pKa = 4.8), an intermediate ROS species (Eqs. 2 
and 4 in Table 1). At this point, O2 consumption starts to slow down, which can also be 
explained by the reaction of OH2
•
/O2
•- 
in solution forming O2 (Eq. 6 in Table 1). Finally, H2O2 
and O2 values develop an asymptotic trend, suggesting that a balance between formation and 
decomposition reactions is reached. However, pH continues to decrease and in accordance with 
the overall rate of pyrite oxidation, O2 should also decrease in the longer term. Thus, it is 
expected that as the reaction progresses the evolution of oxidized species destabilizes the system, 
increasing the O2 consumption.  
 
Figure 11: simultaneous evolution of H2O2, O2 and pH from aqueous pyrite slurry (load particle = 0.4 
g/L) in unbuffered neutral H2O and oxic conditions (ΔT = 26.5 +/- 3 ºC).  
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The real time evolution of H2O2, pH and O2 under anoxic conditions is represented in Figure 12. 
At the beginning of the reaction (inset) H2O2 increases at the same time as the O2 is formed, 
whereas pH decreases. Considering that the initial reagents are just pyrite and H2O, the 
formation of H2O2 should derive from H2O splitting, as described by Borda et al. (2003) (Eqs. 10 
and 11), a reaction that also releases H
+
 into the solution. H2O2 decay is delayed with respect to 
the oxic case and starts at pH values around 5. Despite the changes in H2O2, the concentration of 
O2 and H
+
 continue to increase. Other experiments (see Figures 8b and 10) showed a 
consumption of O2 not observed in this experiment. We hypothesized that O2 concentration in 
this case is not enough to trigger the O2 decomposition by oxidation reactions, which are leading 
by the H2O2. 
 
Figure 12: simultaneous evolution of H2O2, O2 and pH from aqueous pyrite slurry (load particle = 0.91 
g/L) in unbuffered neutral H2O and anoxic conditions (ΔT = 23 +/- 0.5 ºC). 
 
2.4 Redox potential (Eh) evolution. 
As Pyrite dissolution is an electrochemical process, the oxidation rate is dependent on the redox 
potential (Eh) of the solution, which is directly correlated with the Fe
2+
/Fe
3+
 ratio (Chandra and 
Gerson, 2010 and references therein). The Fe
2+
/Fe
3+
 ratio of the overall process is function of 
both the cathodic and anodic reactions occurring on the surface of pyrite particles, and the 
sequence of free radical reactions occurring in solution. Consequently, the Eh will be dependent 
on the mixing potential of different redox reactions.  
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As pyrite dissolution proceeds, it is expected that the Eh will increase due to the decrease of pH 
and to the accumulation of oxidized products and secondary ROS species. In oxic experiments 
the measured Eh showed a nearly constant behavior during the time course of the experiments 
(e.g E
0
 (Standard Hydrogen Electrode, SHE) = 512 mV +/- 16 mV, in 23.5 h) probably due to 
the mixing potential of different redox reactions. However, under anoxic conditions there was a 
distinctive trend of Eh (Figure 13) characterized by an initial drop during the first 4-6 hours, 
followed by a continuous increase. The initial decrease of Eh can be explained by pyrite 
injection as water is not initially buffered by redox active species (Descostes et al., 2004). This 
initial stage coincides with the higher rate of H2O2 formation and pH drop. The subsequent 
increase in Eh, which coincides with a slower accumulation of H2O2 and H
+
 in solution, suggests 
that Fenton reaction starts to occur; leading to the formation of secondary ROS species.  
 
Figure 13: Simultaneous trend of H2O2, pH and Eh, from aqueous pyrite slurry (load particle = 0.92 
g/L) in unbuffered neutral H2O and anoxic conditions (ΔT = 25 +/- 0.7 ºC). 
 
Generally, the Eh values measured in the course of our experiments was always oxidizing, 
ranging between 500-600 mV (SHE) in oxic experiments and 250-350 mV (SHE) in anoxic 
experiments. Thus, according to the Eh-pH diagrams, the species released by pyrite dissolution 
are predominantly represented by dissolved Fe
2+
 and SO4
2-
 . 
 
2.5 Kinetics of dissolved iron and the Fenton reaction. 
As mentioned earlier, pyrite dissolution releases iron, protons and H2O2 into solution under both, 
oxic and anoxic environments. In such conditions, the oxidation of Fe
2+
 should take place via 
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one of two mechanisms: by O2 through the Haber-Weiss cycle or, alternatively, by H2O2 through 
the Fenton reaction. Both processes lead to the formation of different ROS as intermediate 
species in solution, including superoxide (O2
•-
), hydroxyl radical (OH
•
), and perhydroxyl (OH2
•-
)-. Past studies have established that the preferential pathway of Fe
2+
 oxidation is determined by 
the evolution of Fe: H2O2, Fe: O2 and O2:H2O2 ratios in solution (González-Davila et al., 2005; 
Lefticariu et al., 2006; Lowson, 1982; Moses et al., 1987; Santana-Casiano et al., 2006; Singer 
and Stumn, 1970) . In addition, pH also controls the hydrolysis of Fe
3+
, and the subsequent 
precipitation of iron oxides, oxyhydroxides (De Laat and Gallard, 1999). Thus, dissolved iron 
species (Fe
2+
/Fe
3+
) are expected to co-vary with the H2O2 in solution. In the next sections, we 
present the trends of Fe
2+
/Fe
3+
 obtained from pyrite slurries to discuss their relationship with the 
H2O2 trend.  
 
2.5.1 Ferrous iron release. 
Dissolved Fe
2+
 was measured with the phenanthroline method (Kosaka et al., 1998). Figure 14 
shows the Fe
2+
 measured under oxic conditions in aliquots extracted from pyrite slurries with 
nearly equal particle loads. As pyrite slurries were not pH controlled, the final pH values 
diminished to 4.5 in both cases. The aliquots were filtered (0.45 μm) and buffered at pH 4. To 
quantify total iron to a posteriori estimate the Fe
3+
 concentration, hydroxylamine was used as a 
reductant. However Fe
3+
 was not detected with this procedure, may be due to the amount of 
[Fe
3+] in the aliquots was lower than the detection limit (0.5μM, according to our linear 
regression, data not shown).  
 
Figure 14: Dissolved Fe
2+
 measured from two pyrite slurries with practically the same load particle (inset) 
in unbuffered neutral water under oxic conditions. 
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Fe
2+
 trends were characterized by an initial period of 5 to 7 hours where Fe
2+
 was no 
detected, followed by a linear increase. Although the particle load used in both experiments was 
similar the Fe
2+
 trends were rather different from each other. This disparity may be associated 
with the heterogeneous distribution of iron defect sites in the surface of pyrite grains (already 
discussed in section 2.2.1). However, the evolution of Fe
2+
 in solution seems to corroborate the 
previously observed hypothesis in H2O2 experiments, the H2O2 decay is mainly dependent on the 
dissolved Fe
2+
 that leads the Fenton reaction in solution (see Figure 2). 
 
2.5.2 Ferric iron release  
The hydrolysis of Fe
3+
 in aqueous solutions is a pH dependent process. Due to the pH decreased 
from 7 to 4.5 (see Figure 6) in our experiments, it would be expected the formation of hydroxo- 
and sulfate complexes from dissolved Fe
3+
. As the absorption signatures of these complexes fall 
between 300–440 nm (Lente, 2001; Stefánsson, 2007), we characterized the kinetic oxidation of 
Fe
2+
 released during pyrite dissolution by spectroscopy in this UV-Vis range The maximum 
absorption band during the course of the reaction was determined before the experiment by 
measuring the spectral evolution of a ferrous sulfate solution (0.90 mM final concentration) after 
the addition of H2O2 (44.1 μM final concentration). As shown in Figure 15a, an absorption band 
associated with the FeSO4
+
 complex (Lente, 2001) appeared approximately at 310 nm.  
Taking this band as a fingerprint of the Fenton reaction, we monitored the evolution of Fe
3+
 in 
real time during pyrite dissolution. First, we followed the Fe3+ formation from a single pyrite 
crystal immersed in an acidic solution (pH 4 buffer solution) to limit the number of possible 
Fe
3+
-complexes formed, under oxic conditions and in the dark. Results were consistent with the 
formation of FeSO4
+
 as evidenced by the presence of the 310 nm absorbance band. The peak 
attained a first maximum after 3.5 hours and a second maximum at approximately 22 hours, 
displaying an oscillatory behavior around the second maximum and thereafter (Figure 15b).  
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Figure 15: Formation and time-evolution of the absorbance band characteristic of FeSO4
+
 complex from: a) 
Homogenous Fenton reaction; b) pyrite single-crystal (~ 1 cm
2
 x 2mm) immersed in a buffer solution (pH = 4) 
under oxic conditions and in the dark.  
 
Second, we monitored the formation of Fe
3+
-complexes from pyrite microparticles immersed in 
unbuffered neutral water, under anoxic conditions and in the dark. In the absence of O2 and 
starting with a neutral pH, the amount of Fe
3+
-complexes formed was expected to be low, and 
therefore we used a liquid waveguide capillary flow cell (LWCC; path length: 250 cm; WPI) to 
increase the spectra resolution. The first absorption band (λmax ~370 nm) evolved after three 
hours of reaction (Figure 16). As the reaction proceeded, the λmax of the peak was shifted to 
higher wavelengths (around 390-400 nm). The broadness of the absorption bands point to the 
simultaneous coexistence of multiple Fe
3+
-complexes with different spectral contributions. A 
possible reaction pathway involves the formation of a dinuclear complex between the hydroxo 
dimer of Fe
3+
 (Fe2 (OH)2
+
, λmax = 340 nm) and the sulfite anion (SO3
2-
, λmax = 430 nm), according 
to the following equilibria (Lente, 2001): 
Fe2(OH)2
4++ SO3
2-
+ H+= Fe2(OH)(SO3)
3+
                (Eq. 15) 
The detection of Fe
3+
-complexes in oxic and anoxic conditions suggests that the Fenton reaction 
occurred under both experimental conditions. The oscillating behavior of the absorption band 
observed at the end of both experiments indicates that Fe
3+
 species were subject to Fe
2+
-Fe
3+
 
recycling by the Fenton reaction, pyrite dissolution and iron oxyhydroxide formation on the 
pyrite surface.  
 
a) b) 
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Figure 16: Fe
3+
-complexes signatures detected from aqueous pyrite suspension under anoxic conditions 
and in the dark (pyrite loading particle = 0.28 g/L). The numbers inserted over the absorption band 
indicates the reaction time. Spectra were registered in real time using a liquid waveguide capillary flow 
cell (LWCC; path length: 250 cm; WPI), connected to the batch reactor by a peristaltic pump. 
 
2.5.3 Inhibition of the Fenton reaction. 
Since Fe
2+
 oxidation and pH acidification are important factors affecting the Fenton reaction, the 
control of these variables is expected to have a direct effect on the trend of H2O2 formed by 
pyrite slurries. This was tested by measuring the time evolution of H2O2 in EDTA and PBS 
buffer (pH = 7.2) solutions (Figure 17). In both cases, the H2O2 remained more stable in solution 
than in experiments conducted with unbuffered H2O (see Figure 3a and Figure 17 for a 
comparison). 
Previous studies have shown that EDTA added to pyrite suspensions does not inhibit the 
formation of H2O2, but is able to stabilize the concentration of H2O2 by preventing the formation 
of OH
•
 radicals in solution (Cohn et al., 2006). Indeed, our results support the hypothesis that 
H2O2 is mainly decomposed by the Fenton reaction driven by Fe
2+
 in solution, and not by the 
heterogeneous Fenton reaction driven by Fe
2+
 on the pyrite surface. On the other hand, the 
Fenton reaction is slowed down in the experiments performed with a buffered neutral solution, 
as the oxidation of Fe
2+
 at 7.2 is mainly driven by dissolved O2(g) (the optimum pH for the 
Fenton reaction is around 3). 
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Figure 17: Evolution of H2O2 obtained from slurries in: unbuffered EDTA solution 714 μM (particle load 
= 1.84 g/L, ΔpH = 7.16 – 3.51) and in buffered PBS solution 0.01 M (particle load  = 0.93g/L, pH =7.2). 
 
2.6 Total iron and sulfate release. 
Several studies have attempted to estimate the rate of pyrite dissolution by measuring the 
production of sulfate and/or total iron into solution (Chandra and Gerson, 2010 and references 
therein). However, these measurements may underestimate the actual rate of pyrite dissolution. 
Iron by the formation of oxy/hydroxide and sulfate, by the formation of a S-rich layer bounded 
onto the pyrite surface. The total iron and sulfate released by two slurries of pyrite particles 
prepared from the same bulk sample and with almost the same particle load, under oxic 
conditions and in the dark (Figure 18). Despite the similar experimental conditions, the 
concentration of sulfate and iron species is rather different between both experiments, as 
reflected the estimated production rates for each species (kFe = 6.27 x 10 
-10
 vs 2.63 x10
-10
, kSO4 = 
5.05 x 10
-10
 vs 1.93 x 10
-10
, Ms
-1
). Again, this is indicative of the role that heterogeneity on the 
defect sites distribution across pyrite particles can play in the overall reaction. 
Figure 19 shows the sulfate and total iron released from pyrite slurry in unbuffered neutral H2O 
under anoxic conditions and in the dark. Although the produced amount of both species is lower 
than under oxic conditions, it becomes apparent that without adding an aqueous oxidant, such as 
dissolved O2 or Fe
3+
, pyrite dissolution still occurs upon contact with H2O (kFe = 5.13 x 10 
-11 
and 
kSO4 = 4.34 x 10 
-11
, Ms
-1
). 
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Figure 18: Total iron (measured with Inductively Coupled Plasma, ICP) and sulfate (measured by ion 
chromatography) released by two pyrite slurries in unbuffered neural H2O under oxic conditions and in the 
dark (pyrite particle load ~ 0.20 g/L, room temperature) Slurry 1 (squares) ΔpH = 6.02-3.63; Slurry 2 
(circles) ΔpH = 6.02-3.44. 
 
 
Figure 19: Total iron (measured with ICP) and sulfate (measured by ion chromatography) released by a 
pyrite slurry under anoxic conditions and in the dark (particle load ~ 0.14 g/L, room temperature, ΔpH = 
6.02 – 4.41). 
 
High concentrations of sulfate were detected at the beginning of each experiment under both 
oxic and anoxic conditions. This rapid initial release of sulfate has also been observed in 
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previous studies (Paschka, 2001, Liu et al., 2008) and may be related to residual sulfate adsorbed 
to the upper layer of pyrite, formed in the sample cleaning process, which would be easily 
transferred to the solution.  
Several studies have used the ratio between sulfate and iron released (R = (SO4/Fe total)) to 
study the reaction mechanism of pyrite dissolution (Schoonen et al., 2000, Descostes et al., 
2004, Liu et al., 2008). According to the overall oxidation rate in oxygenated aqueous solution 
(Eq. 7), the expected ratio for ideal stoichiometric pyrite dissolution should be 2. However, the 
production rates of iron and sulfate are decoupled, changing with pH and temperature in a 
different way (Schoonen et al., 2000; Descostes et al., 2004). Due to dissolution of pyrite 
microparticles promoted a significant acidification (see Figure 6), in our experiments R should 
change as a function of time (Figure 20). 
 
Figure 20: Ratio between sulfate and total iron released by the three pyrite slurries. 
 
In oxic measurements R was always >2, which is in line with a deficit in aqueous iron released 
at pH > 3 (Descostes et al., 2004), suggesting the formation of iron oxide or oxyhydroxide 
coated onto the surface of pyrite particles. At pH < 3 pyrite dissolution becomes deficient in the 
production of SO4
2-
, mainly due to the formation of a S0-enriched layer adsorbed onto pyrite 
surface (Descostes et al., 2004). In absence of O2, and despite the pH of the solution always 
remained above 3, the stoichiometry of pyrite dissolution showed R<2. This result suggests that 
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under anoxic conditions the reaction mechanism of pyrite dissolution is different, promoting the 
preferential dissolution of iron.  
 
2.7 Hydroxyl radical formation. 
As mentioned earlier, the short half-life of OH
•
 radicals, which react with nearly all molecules at 
diffusion-limited rates, precludes its detection via a direct measurement, requiring the use of a 
target molecule (probe). The degradation of Crystal Violet (CV) in the presence of OH
•
 radicals 
has been shown to be a useful tool to monitor the time-evolution of OH
•
 in several Fenton 
systems (Alshamsi et al., 2007; Fan et al., 2009; Sirés et al., 2008). Accordingly, we monitored 
the formation of OH
•
 radicals upon pyrite aqueous reaction by measuring the decrease in the 
light absorption spectrum of CV (λmax = 590 nm). First, we performed a suit of experiments to 
test the stability of CV against other ROS (see annex). Despite our results point to OH
•
 as the 
main responsible for CV degradation, interaction reactions with other ROS (H2O2, O2
•-
) cannot 
be discard. Thus, a precise quantification of the OH
•
 production is challenging, especially in a 
system where the Fe
2+
/Fe
3+
: H2O2 ratios vary during the course of the experiment. Thus, we 
relate the kinetics of CV degradation to the OH
•
 generation from a qualitatively point of view. 
Figure 21 shows the degradation of CV simultaneously to the evolution of H2O2, O2 and pH 
from pyrite slurries, under oxic conditions and in the dark. The absorption spectrum of CV 
shows a rapid drop followed by a more regular decline, suggesting that OH
•
 formation occurs 
during the entire course of the experiment. The high amount of H2O2 generated in solution, 
together with the slow decrease in pH and the constant consumption of O2, suggest that the 
scavenging of OH
•
 by CV degradation may inhibit in part the reaction of H2O2 with OH
•
 to form 
HO2
•
 (Eq. 4 in Table 1), limiting the chain reaction sequence and the acidification process. As 
H2O2 increases in solution, the competition for reacting with OH
•
 radicals also increases, 
affecting the degradation rate of CV that slows down.  
The formation of OH
•
 at different initial conditions is shown in Figure 22. The use of single 
pyrite crystals (lower SA) resulted in a slower oxidation rate of CV, suggesting a direct 
relationship between the total reactive surface of pyrite and the formation of secondary ROS. 
However, an effect of initial substrate concentration on the rate of degradation cannot be 
discarded, as the initial CV concentration used in this case was higher than in the slurry 
experiments. When considering different atmosphere scenarios (O2 and N2) and controlling the 
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initial conditions (same initial CV concentration and almost the same particle load and pyrite 
surface area per volume of H2O), pyrite slurries produced similar curves of CV degradation, 
suggesting that the formation of OH
•
 follows the same reaction mechanism. 
 
Figure 21: Kinetics degradation of CV solution together with time evolution of H2O2, O2 and pH, upon 
aqueous reaction with pyrite slurry, under oxic and dark conditions ([CV0] = 225.5 μM, pyrite load 
particle = 0.16 g/L, ΔT = 21.1 +/- 0.6 °C). 
 
 
Figure 22: Degradation of CV solution upon pyrite aqueous reaction in the dark conditions and under 
room temperature with: single pyrite crystal (crystal size ~ 1cm
2
 x 2mm, SA ~ 0.08 m
2
/L, [CV]0 = 
538μM); pyrite microparticles under oxic conditions (pyrite load particle = 0.11 g/L, SA ~ 0.16 m2/L, 
[CV]0 = 225.5 μM); pyrite microparticles under anoxic conditions (pyrite load particle = 0.12 g/L, SA ~ 
0.17 m
2
/L, [CV]0 = 225.5 Μm). 
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Although the net amount of OH
•
 generated on the surface of the pyrite was not known, our 
experimental results (see Figures 14 and 17) and previous investigations (Bae et al., 2013; Fisher 
et al., 2012) suggest that the highest production of OH
•
 and the subsequent organic oxidation 
occurs in the aqueous phase by the reaction of H2O2 with dissolved Fe
2+
. Thus, we hypothesized 
that the production of OH
•
 by pyrite slurries under both oxic and anoxic conditions is dependent 
of the Fenton reaction occurring in solution. 
The degradation of CV is not expected to follow a zero-, first- or second-order kinetics model in 
the whole process if is led by chain free radical reactions initiate by the Fenton reaction (Welch 
et al., 2002, Wang et al., 2012). Our CV degradation data fitted well with a mathematical model 
built to determine the kinetic degradation of organic pollutants in Fenton and pyrite Fenton-like 
process that involve complex redox reactions between iron and free radical species (Behnajady 
et al., 2007; Wang et al., 2012):  
C
C0
=1-
t
m+bt
                    (Eq. 16) 
where C0 and C is the substrate concentration at the beginning and at time t of the reaction, 
respectively; 1/m and 1/b represent the initial decay rate and the theoretical maximum removal 
fraction of the target molecule, respectively. Plotting t/(1- C/C0) vs time (assuming A/A0 ~ C/C0) 
we obtained linear regressions where m is the intercept and b the slope (Figure 23). The 
estimated values of the model parameters showed that pyrite slurry under oxic conditions 
presented the highest initial oxidation rate (1/m) and the highest maximum removal fraction of 
CV (1/b), followed by the estimates with anoxic pyrite slurry and oxic single-crystal pyrite, 
respectively, in agreement with our experimental results. 
 
 
 
Sample 
Oxidation 
rate (h
-1
) 
(1/m) 
Removal 
fraction 
(1/b) 
SA 0.08 0.023 0.286 
SA 0.16 0.125 0.435 
SA 0.17 0.111 0.385 
 
Figure 22: Model results showing: a) the linear regressions of plotting t/(1- C/C0) vs time and; b) the 
estimated values derived. 
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2.8 Reversibility of the H2O2 formation: cycling-experiments. 
As seen in the previous sections, it seems that H2O2 decomposition is mainly driven by the 
Fenton reaction that takes place in solution. In order to verify whether the stationary value of 
H2O2 observed at the end of the experimental curves represents a dynamic equilibrium between 
the H2O2 formation-decomposition reactions, or if the H2O2 generation simply ceases, we 
performed a series of “cycling-experiments”. To that end, we monitored the evolution of H2O2 
until the observable amount of H2O2 attained a stationary value, near to zero. Then, we 
replenished the solution with fresh water, and tested if the formation of H2O2 rise again (we 
repeated this procedure twice). In order to use the same physical pyrite particles and in the same 
geometry, weighted amounts of pyrite microparticles were adhered over silicone strips to form a 
thin film, which was placed on the internal wall of the reactor batch. Figure 24 represents the 
H2O2 curves obtained from these experiments. Results indicated that the formation of H2O2 
reappeared, although the maximum H2O2 yield was always lower than in the previous cycle and 
the degradation process was faster. These results suggest that most of the defect sites of the 
pyrite microparticles remained active at the end of the experiment, even when H2O2 was no 
longer observable in solution. 
 
Figure 24. H2O2 evolution from the same pyrite slurry after renewing the H2O twice, under oxic 
conditions (pyrite load particle = 0.33 g/L, ΔpH1cycle = 6.8–3.8, ΔpH2cycle = 6.8–6.1, ΔpH3cycle = 6.8-6.7). 
 
The initial observed rate of the formation of H2O2 (k0obs) showed a slightly decrease between the 
first and the second cycle, which was more accused in the third cycle (2.33x10
-10
, 1.69x10
-10
 and 
3.67x10
-11 
M s
-1). This fact could be attributed to the formation of “Fe3+-patches” of iron oxides 
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and oxyhydroxides at the pyrite surface (Rosso et al., 1999a) that could partly inhibit the H2O2 
formation. Previous works have reported that oxidized pyrite surfaces in air or H2O do not 
produce H2O2 in solution (Schoonen et al., 2010). We performed experiments with oxidized 
pyrite microparticles that were exposed for around 48 hours under atmosphere conditions and 
tested that H2O2 was not detected in solution. Although these oxide Fe
3+
-patches may inhibit the 
H2O2 formation, they are not irreversibly fixed to surfaces and at pH ~ 3 desorbs. The role and 
implications of these Fe
3+
-patches are analyzed in the 3.3 section below.  
 
3. Structural data. 
Results from the kinetic analysis suggest that the time evolution of the H2O2 formed by pyrite 
surface depends on the released products by pyrite dissolution as well as the oxidation products 
adsorbed to the pyrite surface. Thus, to better understand the reaction mechanism, it is important 
to analyze the structural changes induced by pyrite oxidation. In this section, we present the 
results obtained with different techniques (XPS, FT-IR, XRD, SEM and HR-TEM) to determine 
the structural changes occurred at the interface and in the bulk of pyrite samples. 
 
3.1 X-Ray Diffraction (XRD). 
XRD analyses were conducted with a powder (Bragg-brentano geometry) and a single-crystal 
(Debye-Scherrer geometry) diffractometer. 
 
3.1.1 Characterization of oxidized products. 
Characterization of oxidation products and the analysis of pyrite microstructural parameters 
were performed in powder samples, after the cleaning process, and in oxidized samples, after 2 
and 22 hours of reaction in a H2O2 3%wt solution. We used a concentrated H2O2 solution to 
ensure that we would observe changes in the bulk samples. Figure 25 shows the evolution of 
XRD patterns during the aqueous oxidation process. The diffractograms of the oxidized samples 
show that the most intense and well-defined peaks are attributable to pyrite, indicating that 
oxidation was incomplete. The mineral phases formed were identified as iron sulfates and 
exhibit shorter reflections at lower 2θ (see enlargements of the figure). In addition, we observed 
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an increase in the background component, suggesting the formation of an amorphous phase 
during the dissolution process. 
 
  
 
 
 
 
 
 
Figure 25: Rietveld refinements of a) fresh 
sample; b) 2 hours reacted sample and c) 24 hours 
reacted sample in H2O2 solution (3%wt). 
 
Results of the quantitative analysis showed the appearance of ferrous sulfate (from 14 to 22%) 
identified as szomolnokite (FeSO4.H2O) after 2 hours of reaction, which is transformed to 
rozenite (FeSO4.4H2O) after 22 hours of reaction. XRD analysis suggests that sulfate salts rather 
than iron oxides or oxyhydroxide are the main oxidation products derived from aqueous pyrite 
dissolution by H2O2, according to Lefticariu et al., (2006). 
a) b) 
c) 
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Microstructural analysis of pyrite showed a decrease in the crystallite size and an increment in 
the microstrain parameter (Table 2). Both results suggest an increment of the crystalline disorder 
in the samples related to the phase transformation process. 
We also used XRD to characterize the structural aspects of pyrite nanoparticles. These results 
are presented in Chapter 5 to facilitate reading comprehension. 
 
Table 2: results of the microstructural analysis from powder pyrite samples. 
Samples Crystallite size (nm) Microstrain (%) 
Fresh 81.5 (0.56) 0.22 (0.0013) 
Reacted 2 h 65.03 (0.41) 0.14 (0.0006) 
Reacted 24 h 57.34 (0.39) 0.72 (0.0018) 
 
 
3.1.2 Characterization of the solution adjacent to the pyrite surface.  
The characterization of aqueous species present in the pyrite-water interface can help to 
understand the role of the H2O2 generated by pyrite in the oxidation process. To that end, we 
analyzed the XRD patterns obtained with a Debye-Scherrer diffractometer of concentrated pyrite 
slurry after 24 hours of aqueous reaction by employing a new data processing based on the 
Reverse Monte Carlo method (RMC). This procedure allowed us to estimate the pair distribution 
function g(r) of ions in both pyrite crystals and interstitial water (see Chapter 1 for a detailed 
description of the procedure). 
Figure 26 represents the pair distribution functions of the crystal component. The distances 
observed are similar to the theoretical bond lengths of an ideal pyrite crystal with a slight 
disorder reflected at longer distances. The g(r) of the pair S-S presents a well-defined peak at 
2.20 Å associated with the average bond length of the disulfide group (Figure 26a). However, 
the broadness of the peaks observed at 3.1-3.3 Å and 5 Å, reflect some disorder in the second 
and third sulfur neighbors increasing at greater distances. Similar results are observed in the pair 
Fe-S function (Figure 26b). The first well-defined peak represents the bond length of Fe-S, but 
some disorder is noted at greater distances (3.40 Å, 5.25 Å). On the other hand, the g(r) of the 
pair Fe-Fe shows that the distance between iron atoms are less affected by the pyrite dissolution 
process, where the first peak at 3.8 Å represents the average length between adjacent iron atoms 
in pyrite crystals (Figure 26c). The slight disorder observed in the S-S and Fe-S pair 
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distributions functions can be related to the iron defect sites derived from the broken bonds S-S 
and S-Fe. However, all the functions showed peaks at long distances consistent with the crystal 
structure of the particles. 
 
  
 
 
 
 
 
Figure 26: pair distribution functions (g(r)) 
ofvarious ions in the crystalline phase of the pyrite 
slurry. 
 
In the pair distribution functions of the ions in solution can only be distinguished peaks at short 
distances because atoms are randomly distributed at a greater distance (Figure 27). The g(r) of 
the S-O pair shows a main peak at 1.52 Å (Figure 27a), which is associated with the ionic radius 
of aqueous SO4
2-
 (Xu et al., 2009). Similar results are shown in the g(r) of the Fe-O pair with 
just one peak located at 2.1 Å (Figure 27b). This distance is characteristic of the hydrated Fe
2+
 -
complexes with octahedral coordination, [Fe (H2O)6]
2+
 (Guimarães et al., 2007). In the case of 
the g(r) of the O-O pair, two peaks appear at 2.56 and 3.5 Å, which are associated with the 
tetrahedral coordination of O in the SO4
2-
 molecule and with the distance between the O from the 
a) b) 
c) 
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H2O molecule of the first hydration sphere of SO4
2-
, respectively (Vchirawongkwin et al., 2007). 
The g(r) of S-S shows two well-defined peaks at 4.3 and 7.4 Å (Figure 27d). These peaks may 
be related to the minimal distance allowed by the Van der Walls radio between tetrahedrons of 
SO4
2-
 and between hydrated tetrahedrons of SO4
2-
, respectively. 
 
  
  
Figure 27: Pair distribution function (g(r)) of the ions in liquid interphase, associated with the dissolved 
ions in the interstitial water of the pyrite slurry.  
 
Summarizing, XRD results showed that the secondary phases formed by pyrite dissolution in 
H2O2 solution and the dissolved species formed by  pyrite dissolution in H2O, are represented by 
Fe
2+
 and SO4
2-
 according to the overall equation proposed by Lefticariu et al., (2006) that studied 
the oxidation of pyrite in millimolar solutions of H2O2: 
FeS2+ H2O2→ SO4
2-
+ FeSO4+ {S
0+ Sn}                 Eq. (17) 
a) b) 
c) d) 
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3.2 Characterization of adsorbed species at pyrite-water interface by Fourier 
Transform Infrared Spectroscopy (FTIR). 
Infrared spectroscopy is widely used to study the molecular structure and the chemical 
composition of interfaces because it is sensitive to changes occurring on mineral surfaces. We 
used this technique to monitor the early oxidation stage of the interface of pyrite microparticles 
during aqueous reaction. Figure 28 shows the spectra of the aliquots extracted from pyrite slurry 
at different time intervals (see Chapter 1 for the experimental procedure).  
 
 
Figure 28: spectra of aliquots extracted from pyrite slurry in unbuffered neutral water, under oxic 
conditions (loading particle = 5.65 g/L).Time intervals (from the bottom to the top): unreacted pyrite, 0.5, 
1.17, 1.55,2, 2.55, 3.55, 6 and 8 hours, respectively. 
 
The common features of the spectra analyzed are marked on the figure. They show a well-
defined peak at 420 cm
-1
, which is associated with the vibration mode of S2
2-
 group. The broad 
absorbance bands located around 3430 and 1630 cm
-1 
are assigned to O-H stretching and 
bending modes of H2O, respectively, corresponding with the residual surface H2O adsorbed onto 
pyrite microparticles. In addition, the spectra show a band centered at 1380 cm
-1
, which is 
related to a surface Fe
3+
- OH complex (Chernysova et al., 2003). The presence of this hydrated 
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complex may be associated with the precursor specie for the H2O2 formation at non-
stoichiometric iron defect site (Weerasovia et al., 2010). 
Identifying every spectral contribution remains a challenging because the absolute positions of 
the peaks vary with the surface complex structure, the electric field (Stark effect) and the pH 
(Borda et al., 2003; Fukushi et al., 2013). However, it is possible to analyze spectral changes in 
the absorbance bands with respect to unreacted pyrite, occurring as reaction time increases. 
Thus, we analyzed the IR active modes where the oxidized species of iron and sulfur appear (see 
Table 4 in Chapter 1). 
The spectral contributions of common sulfoxyanions arise in the range of 900 to 1250 cm
-1
. The 
most remarkable feature in this range was the appearance of the peaks at 1200, 1160, 1136, 
1123, 1095 and 1022cm
-1
 (Figure 29). The vibrations at 1200, 1160 and 1136 are assigned to the 
split of the ν3 stretching band of SO4
2-
 ions by its coordination with iron (Weerasooriya et al., 
2010), whereas, the 1123, 1095 and 1022 cm
-1
 bands are associated with other sulfoxyanions 
species adsorbed on pyrite surface as thiosulfate (Borda et al., 2003).  
 
 
Figure 29: Detailed spectral range where the absorption bands of sulfoxyanions appear. 
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Below 850 cm
-1 
appear the vibration modes of iron oxide/oxyhydroxyde species (Figure 30). 
After 3.55 hours of reaction new peaks evolved at 754, 656, 645 cm
-1
 , which are associated with 
the Fe-O(OH) stretching mode of ferrihydrite, whose bending mode at 1630 cm
-1
 could be 
covered by the OH bending of H2O (Caldeira et al., 2003, Weerasooriya et al., 2010). In 
addition, the band splitting of the ν2 S-O bending mode observed at 615 and 601 cm
-1
, supports 
the existence of different types of sulfoxyanions (e.g. SO4, S2O3, and SO3). The bands at 470, 
480 and 545 cm
-1
, which are present since the beginning of the reaction are attributed to the S-S 
stretching mode of disulfide, S2
2-
 and polysulfide Sn
2-
 groups (Philias and Marsan 1999, 
Weerasooriya et al., 2010).  
 
 
Figure 30: Detailed spectral range of the absorption bands below 850 cm
-1
. 
 
To sum up, FTIR spectra showed that pyrite oxidation begins after three hours of reaction, 
forming iron oxy-hydroxide and polysulfoxianions adsorbed on pyrite surface as intermediate 
oxidation products. This time interval coincides with the beginning of the H2O2 decay period 
observed in kinetic experiments under oxic conditions, supporting the hypothesis that secondary 
ROS, produced by Fenton reaction, promotes pyrite oxidation. 
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3.3 Characterization of pyrite surface states by X-Ray Photoelectron Spectroscopy 
(XPS).  
XPS analysis allow to determine the oxidation state and the chemical environment of the atoms 
contained in the mineral surfaces (penetration depth ~2-10 nm). Several studies have used this 
technique to characterize the surface species on fractured pyrite and on oxidized pyrite in 
different environments (Bonnissel-Gissinger et al., 1998, Demoisson et al., 2008, Descostes et 
al., 2001, Eggleston et al., 1996, Guevremont et al., 1998a, 1998b, Kendelewicz et al., 2004, 
Leiro et al., 2003, Nesbitt et al., 1998, 2000, Schaufuß et al., 1998a, 1998b). 
We used XPS in order to match the evolution of pyrite surface species with the H2O2 trend 
obtained from kinetic experiments. To that end, we analyzed the oxidation states on (001) face 
of a pyrite (single-crystal, ~1 cm
2
 x 2 mm) immersed in unbuffered neutral H2O at different 
time-lapses under both oxic and anoxic conditions. The time intervals analyzed were chosen 
according to the H2O2 trend obtained from (001) face of pyrite upon contact with H2O (Figure 
31), as follows: 
- t0: unreacted sample; single-crystal pyrite was cleaned in order to generate oxide-free surfaces 
by removing the normal contaminants (C, N, O) due to atmospheric oxidation (see Chapter 1 for 
a detailed procedure). Previous works have shown that ion-sputtering on pyrite crystals 
preferentially removes S (Andersson et al., 2004; Elsetinow et al., 2001), inducing the formation 
of Fe
3+
 and S
2-
 surface species (Eq. 18 below) as occurs by mechanical fracture (Borda et al., 
2003; Karthe et al., 1993; Nesbitt et al., 2000 ). Thus, we also analyze this sample after Ar
+
 
sputtering to characterize the surface species that are expected to appear on the mechanical-
grinded samples used in slurry experiments. 
- t1: sample after 6 hours immersed in unbuffered neutral H2O; in this time-interval the H2O2 in 
solution should start to decompose, according to the observed experimental trend of H2O2 
(Figure 31), suggesting the initiation of the Fenton reaction. 
- t2: sample after 22 hours immersed in unbuffered neutral H2O; we assumed that H2O2 in 
solution was near to zero. 
Deconvoluted spectra provide information about the relative contribution of each species and its 
evolution during aqueous reaction. However, as the specific surface area analyzed at different 
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time-lapses is not exactly the absolute percentage of the species estimated is not suitable for 
comparing spectrums.  
 
 
Figure 31: H2O2 evolution induced from a (001) face of pyrite (single-crystal) exposed to unbuffered 
neutral H2O, under oxic conditions (surface area of pyrite per volume of H2O = 0.272 m
2
 Kg
-1
 H2O). 
 
Figure 32 shows the XPS spectra in the S2p region. In general terms, a shift is observed to 
higher binding energies as the reaction time increased, indicating an increment in the sulfur 
oxidation states. The Ar
+
-sputtered sample presents the major contributions below 162 eV, 
assigned to sulfur monomers (S
2-
), which are formed from the S-S rupture by an auto-redox 
reaction (Nesbitt et al., 1998; Von Oertzen et al., 2006):  
≡S-+ ≡Fe2+→ ≡S2-+ ≡Fe3+                   (Eq. 19) 
The S
2-
 is the most reactive species. Hence, these states are no longer detected in the other 
spectra.  Interestingly, polysulfide (Sn
2-
) species were identified in unreacted samples (without 
Ar
+
 sputtering). This contribution may be due to a multistep reaction where part of the S
2-
 can be 
formed from an alternative redox reaction (Eq. 20) generating elemental sulfur that later react 
with adjacent disulfide anions forming polysulfide (Schaufuß et al., 1998a).  
≡S-+ ≡S- → ≡S2-+ ≡S0                   (Eq. 20) 
The second most reactive sulfur species is the topmost sulfur dimers (S2
2-
), which are formed by 
the loss of one Fe coordination partner (from the rupture of the Fe-S bond), causing a negative 
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binding energy shift with respect to the S2
2-
 bulk contribution (162.8 eV). Spectra showed that 
the contribution of S2
2-
species (162.1 eV) decreased in favor of the appearance of Sn
2-
 (163.2 
eV). After 22 hours of reaction Sn
2-
 decreased, while SO4
2-
 contribution appeared (168.8 eV), 
suggesting that SO4
2-
 is formed via a multi-step reaction sequence. A peak in the region of 164.6 
eV was also included in the fitting spectra. This contribution remains nearly constant during the 
entire process and is associated with a bulk energy loss feature according to previous works 
(Bronold et al., 1994, Kendelewicz et al., 2004). 
 
Figure 32: S2p orbitals: (1) unreacted sample after Ar
+
 ionization, (2) unreacted sample after cleaning 
treatment, (3) sample after 6h of aqueous reaction, (4) sample after 22h of aqueous reaction. Normalized 
orbitals are represented on the right whereas the fitting spectra are shown on the left of the graph. 
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XPS spectra of Fe2p3/2 orbital are represented in Figure 33. As in the S2p orbital, Fe2p3/2 spectra 
showed a shift to greater binding energy upon pyrite aqueous reaction, suggesting the formation 
of oxidized species. The sputtered sample is characterized by an increase of the tail in the Fe 
2p3/2 spectrum, which is assigned to the formation of iron defect sites due to bonds rupture. This 
contribution is associated with the multiplet peaks of ferric surface species (Fe
3+
-S) whose main 
peak is centered at about 709.2 eV. The % of these species (~33%) is very similar to the % of S
2-
 
(~32%), supporting the hypothesis of its formation from the S-S rupture through Eq. 19. 
However, these iron dangling bonds remain after 6 h of aqueous reaction, suggesting that are 
less reactive than S
2-
 species. We also identified the multiplet associated with ferrous surface 
species (Fe
2+
-S) formed from the rupture of the Fe-S bond, whose main peak is located at about 
707.8 eV. Both iron surface states are more reactive than the totally coordinated iron bulk (707. 
5 eV) and, therefore, are expected to react first. The contributions of these surface states 
disappeared after 22 hours of reaction, whereas new peaks associated with iron 
oxides/hydroxides (Fe
3+
-O, 712.2 eV) and iron sulfates (Fe-SO4, 713.4 eV) evolved. 
Interestingly, the high contribution of the (Fe
3+
-O) type products together with the decrease of 
the Fe
2+
 bulk contribution suggest that the oxidation is partly extended to the bulk of pyrite 
samples. 
Figure 34 shows the spectra of the O1s orbital. The sputtered sample only showed a small 
contribution associated with residual adsorbed H2O (532.7 eV). The unreacted sample showed 
an appreciable contribution of O associated with hydroxyl or sulfur oxidation products (-OH/S-
O, both species have similar bending energies centered at about 531.7 eV). According to the S2p 
and Fe2p3/2 spectra this peak may be related with Sn
2-
 (e.g. S2O3
2−
) and/or with a hydrated 
complex in iron defect sites, species also identified in FTIR spectra (Weerasooriya et al., 2010). 
After 6 hours of reaction the asymmetry of the O1s line clearly indicated the appearance of a 
new O state at 530.2 eV, associated with iron oxides (O
2-
), whose contribution was also 
identified in the Fe2p3/2 spectra (spectrum 3, Figure 33). After 22 hours of reaction an 
appreciable increment of O
2-
and -OH/ S-O contribution was noted, in accordance with the S2p 
and Fe2p3/2 spectra (spectra 4 in Figures 32 and 33). 
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Figure 33: Fe2p3/2 orbitals: (1) unreacted sample after Ar
+
 ionization, (2) unreacted sample after cleaning 
process, (3) sample after 6h of aqueous reaction, (4) sample after 22h of aqueous reaction. Normalized 
orbitals are represented on the right whereas the fitting spectra are shown on the left of the graph. 
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Figure 34: O1s orbital: (1) unreacted sample after Ar
+
 ionization, (2) unreacted sample after cleaning 
process, (3) sample after 6h of aqueous reaction, (4) sample after 22h of aqueous reaction. Normalized 
orbitals are represented on the right whereas the fitting spectra are shown on the left of the graph. 
 
XPS analysis of (100) single-crystal pyrite after anoxic aqueous reaction only show appreciable 
differences in O1s orbital, suggesting that surface oxidation proceeds slower in absence of 
dissolved O2 (g). Results of the S2p and Fe2p3/2 orbitals obtained under a N2 (g) atmosphere are 
represented in Figure 35. These spectra showed no major changes with respect to the unreacted 
sample (Figure 35a and 35c). The fitted S2p spectrum displayed both S2
2--
surface and S2
2--
bulk 
contributions together with the bulk emission, also identified under oxic conditions, but in this 
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case, Sn
2-
 species did not appear (Figure 35b). In the same way, only Fe
2+
-bulk and Fe-surface 
species (Fe
3+
-S, Fe
2+
-S) were necessary to fit the spectrum of the Fe2p3/2 orbital (Figure 35d).   
 
 
Figure 35: Spectra of S2p and Fe2p3/2 orbitals from (001) face of pyrite at t0 (unreacted sample), t1 (after 6 
hours of aqueous reaction) and t2 (after 22 hours of aqueous reaction), under anoxic conditions: a) 
normalized spectra of S2p region; b) fitted spectrum of S2p; c) normalized spectra of Fe2p3/2 region; d) 
fitted spectrum of Fe2p3/2. The fitted spectra correspond to the unreacted pyrite sample but are very 
similar to the spectrums obtained at t1 and t2. 
 
The oxygen contributions of the O1s orbital are shifted to lower binding energies (Figure 36a). 
The broad peak of O1s was decomposed into two components at 531.7 eV and 532.7 eV 
associated with -OH species (being that no sulfur oxidation was detected in the S2p line) and 
residual adsorbed H2O onto the pyrite surface, respectively (Figure 36b-d). The -OH 
contribution increased whereas the adsorbed water decreased as experimental time progressed. 
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Considering that Fe2p3/2 and S2p orbitals showed no signs of oxidation, the increase of the -OH 
may be associated with the hydrated complex at iron at defect sites, presumably precursor of the 
H2O2 formation. 
 
 
Figure 36: a) 3D plot of normalized O1s orbitals showing the increment of the -OH contribution with the 
progress of reaction time. b) Fitted spectra of O1s signal of unreacted sample; c) after 6 hours and d) after 
22 hours of anoxic aqueous reaction.  
 
The analyzed XPS spectra of (001) face of pyrite after aqueous reaction in the presence and 
absence of dissolved O2 (g) resulted in appreciable differences. Under oxic conditions, pyrite 
oxidation proceeds faster. In the same way, the H2O2 trend obtained by a (001) face of pyrite 
upon contact with H2O under anoxic conditions also showed appreciable differences with respect 
to the oxic case (see Figure 37 and Figure 31). In this case, after 20 hours of aqueous reaction, 
the H2O2 remains stable in solution. Therefore, differences in the surface oxidation of (001) face 
of pyrite, obtained between both atmospheres may be explained by a slowdown of the 
production of Fe
2+
 by pyrite dissolution under anoxic conditions, suggesting, once again, that the 
a) 
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Fenton reaction and the subsequent formation of secondary ROS play an active role in pyrite 
oxidation. 
 
Figure 37: H2O2 evolution from a (001) face of a pyrite (single-crystal) exposed to unbuffered neutral 
H2O, under anoxic conditions (surface area of pyrite per volume of H2O = 0.284 m
2
 Kg
-1
 H2O). 
 
Summarizing, XPS spectra of the sputtered sample showed a high contribution of the surface 
species, dangling bonds, formed by the fracture of S-S and S-Fe bonds. We hypothesize that a 
great density of these species should also be present in the pyrite slurries due to the grinding 
process. Due to pyrite is a semiconductor, it is expected that the charge deficit of these iron 
surface species promote the electron transference from the conduction band to O2 and H2O 
adsorbed (Rimstidt and Vaughan, 2003; Usher et al., 2004), triggering the H2O2 formation. 
Although pyrite oxidation is initiated on iron surface sites, XPS results suggest that the oxidation 
is quickly extended to the surface sulfur species. After 6 hours of reaction under oxic conditions 
a S-rich surface (Sn
2-
) and a small contribution of Fe
3+
-O species were identified on pyrite 
surface. The appearance of these intermediate oxidation states seems to coincide with the 
beginning of the H2O2 decay period. Thus, we suggest that the H2O2 decomposition by the 
Fenton reaction leads to pyrite surface oxidation. After 22 hours of reaction under oxic 
conditions, when the amount of H2O2 in solution should be zero or near to zero, the dominant 
states identified in XPS spectra are represented by Fe-O and Fe-SO4, whereas surface species 
decreased (S2
2-
-surface) or disappeared (S
2- 
, Fe
3+
-S and Fe
2+
-S). We hypothesized that sulfur is 
oxidized by ROS in a series of elementary surface reactions in which sulfur-bond-S2
2-
 is 
oxidized stepwise to SO4
2-
 (being Sn
2-
 the intermediate product) (Kendelewicz et al., 2004, 
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Rimstidt and Vaughan 2003). Hence, the O of s SO4
2-
 is essentially derived from water 
according to isotopic studies (Usher et al., 2004).  
The implication of this coated layer of oxidized products in pyrite dissolution process is not 
clear. Some works have suggested that the Fe
2+
 / Fe
3+
 cycling along borders between oxidized 
and unoxidized areas increases the oxidation rate of pyrite, favoring the electron transfer from 
the pyrite Fe
3+
 - O patches to molecular O2 (Eggleston et al., 1996). However, this mechanism is 
based on atmospheric oxidation of pyrite and does not include an explanation for the initial 
formation of Fe
3+
 - O patches, the sulfur oxidation or the H2O2 formation-decomposition by 
pyrite surface. In contrast, other studies have suggested that the oxidation patches interrupt the 
iron recycling between Fe
2+
/Fe
3+
 surface species, blocking pyrite oxidation (Elsetinow et al., 
2001; Schoonen et al., 2010). The XPS results together with the H2O2 trend suggest that the 
growth of oxidized patches acts as a passivation layer, deactivating the centers of H2O2 
formation. Cycling-experiments also support this hypothesis, showing that after water renovation 
despite H2O2 formation resumed the initial formation rate of H2O2 decreased (see section 2.8 
above). However, the removal of adsorbed oxides by aqueous acidification or other geological 
factor (e. g. as weathering) promotes the exposition of new surface atoms to the solution. As an 
example, a (001) face of single pyrite was exposed to a Fe
3+
 solution (5mM) during 22 hours, 
simulating polluted H2O by acidic drainage mine (AMD). As is shown in Figure 38, the spectra 
are completely different to those obtained with unbuffered neutral H2O. The only species 
identified are Fe-SO4, Fe-O, together with minor contribution of Sn
2-
 . The lack of both S2
2-
-bulk 
and Fe
2+
- bulk contribution suggests that pyrite was completely oxidized by a continuous 
dissolution-surface renovation process. 
 
Figure 38: Deconvoluted XPS spectra of a (001) face of pyrite (single-crystal) expose to a 5mM FeCl3 
solution during 22 hours, under oxic conditions: a) S2p; b) Fe2p3/2 and c) O 1s orbitals.  
a) b) c) 
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Thus, it is expected that oxide desorption promotes continuous formation of H2O2 and secondary 
ROS in the long-term. Additionally, the Fenton reaction leads to the formation of O2 and Fe
3+
 
species that are catalysts of pyrite dissolution, favoring the surface renovation. 
 
3.4 Electron Microscopy. 
Scanning Electron Microscopy (SEM) was used to analyze the variations on topography of 
pyrite surfaces and to perform elemental analysis with Energy Dispersive X-ray (EDX) before 
and after aqueous reaction. Focused Ion Beam (FIB) sections were used as a means to prepare 
surface-specific TEM foils to later analyze the structural variations and the formation of 
nanodomains of secondary oxidation products at the pyrite interface using High Resolution 
Transmission Microscopy (HR-TEM). 
 
3.4.1 Microscopic analysis of pyrite surfaces (SEM). 
Reflected Light Optical Microscopy and SEM micrographs of unreacted and reacted pyrite 
single-crystals were used to identify topographical features arising from the oxidative dissolution 
of pyrite surfaces. Figure 39 shows the low magnification view of the characteristic terraces 
associated with the (00l) faces of pyrite.  
 
Figure 39: Reflected Light Optical Microscopy image of unreacted pyrite surface showing the structural 
flat terraces associated with [001] faces. 
 
A comparison between the morphology of unreacted pyrite and after 22 hours of aqueous 
reaction is shown at higher magnification in the SEM images (Figure 40). The EDS 
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microanalysis showed practically the same chemical composition, with S/Fe ratios of 1.24 and 
1.29 for unreacted and reacted pyrite samples, respectively. However, it is noticeable that, after 
aqueous reaction, pyrite surface shows a heterogeneous alteration due to the formation of pits 
and pitting coalescence leading to the formation of additional steps and voids on the surface. 
 
  
Figure 40: SEM micrographs of [001] face of pyrite: (a) acid-washed unreacted sample and, (b) after 22 
hours of aqueous reaction. Pink arrows indicate the steps of the initially flat terraces. Noticeable 
dissolution tracks in the form of polygonal voids are observed after aqueous reaction (red circle). EDS 
spectrum and semiquantitative analysis are shown in the insets (the carbon emission is due to the mounted 
holder). 
 
The (001) face of pyrite was oxidized by H2O2 at millimolar levels to characterize the oxidation 
marks and the solid surface products associated with the H2O2 attack over the pyrite surface 
(Figure 41). The surface showed the formation of elliptic pits with larger diameters (about 2-3 
µm) randomly distributed. In addition, secondary products, irregularly distributed, were also 
identified. The comparison of the EDS spectra showed that the precipitates contain more oxygen 
(four times more than the pits) and an increase of the S:Fe ratios (from 1.23 in the pits to 1.32 in 
the precipitated) (Figure 41b). These facts together with the lighter color of the precipitates 
suggest that the solid residue may be associated with sulfoxyanions, according to Eq. 17 
(Lefticariu et al., 2006). 
 
a) b) 
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Figure 41: SEM analysis of (001) pyrite after 22 hours of reaction in H2O2 (882 mM) solution: a) SEM 
micrograph showing the oxidation marks (1) and the precipitated formed (2); b) EDS microanalysis of the 
identified areas (1 and 2). *Some minor impurities of P (0.63% wt) were also detected in section 2.   
 
To evaluate the effect of increasing the reactive surface, we induced some surface roughness by 
mechanical attrition on the (001) face of pyrite and then, oxidized it with a H2O2 milimolar 
solution. The SEM image of the modified surface after reaction with H2O2 is shown in Figure 42. 
The resulting pyrite surface is randomly covered by spherical submicrometer-size precipitates 
(size ~ 0.7 µm). The EDS analysis showed a S/O ratio of around 4.13, suggesting that sulfate is 
the most probable product formed. 
 
Figure 42: SEM image of a rough surface of (001) pyrite (single-crystal) after 22 hours of reaction in a H2O2 
solution (882 mM). Chemical results from the EDS microanalysis and a magnification of the precipitates are 
included in the image (some minor impurities of K (0.62% wt) and Ca (0.28% wt) were also detected). 
a) b) 
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In summary, SEM images of the (001) face of pyrite indicates that pyrite dissolution involves the 
formation of pits and pitting-coalesce, leading to an overall retreatment of its surface. After 
reaction with H2O2, pyrite surface also showed pits, but different in shape and size, together with 
oxidized products associated with sulfoxide and sulfates. The heterogeneous alteration observed 
on the pyrite surface after aqueous reaction suggests that the progressive dissolution of pyrite 
arises at specific sites (Chandra and Gerson, 2010; Guevremont et al., 1997). 
 
3.4.2 Characterization of pyrite surface at the nanometer level (HR-TEM). 
HR-TEM images were used to analyze the pyrite interface after reaction in a H2O2 micromolar 
solution in absence of dissolved O2. The HR-TEM images of the pyrite lamella before and after 
22 hours of reaction are shown in Figure 43. The alteration layer, superposed to the fresh pyrite 
structure showed an increment of their thickness (from 1.7 to 4.6Å) together with an increase of 
their structural disorder, suggesting that pyrite oxidation by H2O2 favors the formation of new 
defect sites at the interphase.  
 
  
Figure 43: HR-TEM images showing the evolution of pyrite interface after reaction in a micromolar 
solution of H2O2 under anoxic conditions: a) unreacted sample b) reacted sample (22 hours). 
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The formation of nanodomains of secondary oxidation products is shown in Figure 44. In the 
uppermost area, the presence of oxidation patches is clearly observable. The FFT (Figure 44b) 
and the lattice fringe spacing of low contrast clusters (~0.25 nm) are consistent with ferrihydrite 
nanocrystals, view down [001] (Banfield et al., 2000), whereas the FFT of the crystalline part 
showed interplanar spacings of pyrite and goethite, suggesting that ferrihydrite acts as a 
precursor of goethite formation. 
 
Figure 44: a) HR-TEM image showing the formation of secondary products over a lamella of pyrite after 
22 hours immersed in H2O2 micromolar solution under anoxic conditions; b) FFT of ferrihydrite patches; 
c) FFT of the crystalline part showing spacing characteristic of pyrite and goethite. 
 
4. Discussion. 
Experimental results showed that pyrite is able to form H2O2 in the presence and absence of 
dissolved O2 upon contact with H2O (Figures 2 and 3). Kinetic data of H2O2 through all 
experiments shows a formation-decay trend, which seems to be regulated by the coupling 
between (1) the formation of H2O2 by the self-oxidation of iron-sulfur clusters defect sites and 
(2) the degradation of H2O2 by the Fenton reaction, triggered by pyrite dissolution (Figure 45). 
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Figure 45: Scheme of the main process that governs the H2O2 trend. 
 
The variability in the H2O2 curves seem to be dependent on: reactive surface/density of iron 
defect sites (Figures 4 and 5), pH (Figures 6 and 7) and dissolved O2 concentration (Figure 8). 
We hypothesize that the curves of H2O2 are the result of a multi-step reaction mechanism, which 
is controlled by the interplay of these variables, which in turn determine the time evolution of 
the ratios Fe: H2O2 and Fe: O2 in solution. 
Several works have found that pyrite reactivity is strongly conditioned by the non-stoichiometric 
defect sites, heterogeneously distributed across its surface (see Murphy et al., 2009 and 
references therein). In general terms, the rupture of S-Fe and S-S bonds promote disequilibrium 
of charge on pyrite surface, inducing the formation of reactive species (i.e. the dangling bonds) 
and the subsequent adsorption reactions (Nesbitt et al., 1998; Schaufuß et al., 1998b). XPS data 
presented here showed the formation of iron and sulfur dangling bonds (see spectrum 1 in 
Figures 31 and 33) due to the loss of coordination of surface atoms. The formation of H2O2 from 
pyrite surface is expected to occur in these defect sites by the adsorption of H2O and O2. 
Previous works have suggested that in the presence of dissolved O2, pyrite slurries form H2O2 by 
an electron transfer between the ferrous iron defect sites (Fe
2+
-S) and the O2 adsorbed through 
Habber-Weiss reaction, involving the O
2•-
 anion formation (Eqs. 8 and 9). The opposite 
coevolution of both molecules (H2O2 and O2) monitored in oxic kinetic experiments support this 
hypothesis (Figure 9). Considering that pyrite is a semiconductor, displaying both oxidative and 
reductive properties, the electrons to O2 reduction can be shuttled from the anodic site (S2
2-
) to 
the Fe
2+
-S site (Rimstidt and Vaughan, 2003).  
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However, more controversy exists around the H2O2 formation by pyrite surface under anoxic 
conditions. Various studies have argued that the H2O2 formation is driven by the H2O splitting 
catalyzed by pyrite surface (Borda et al., 2003; Javadi et al., 2013; Wang et al., 2012), whereas 
other studies have argued that this reaction cannot occur because of the high energy required to 
dissociate the H2O molecule (Rosso et al., 1999a; Schoonen et al., 2010). Therefore, the H2O2 
formation has been questioned in the absence of molecular O2. A possible explanation for this 
discrepancy can reside on the S
-1
 species generated by the rupture of S-S bonds. These instable 
and charge-deficient sulfur atoms may react with the neighbor iron atom, forming the 
“superoxidized iron sites” Fe3+-S sites (Nesbitt et al., 2000) (Eq. 19) or even the Fe4+-S sites as 
have been proposed by Stirling et al., (2007) based on DFT calculations. The fact is that these S-
deficient sites decreases the energy requirements for the chemisorption of H2O molecules in the 
nearest iron defect sites, which may lead to H2O disproportionation and the subsequent 
formation of H2O2, as described by Borda et al., (2003) (Eqs. 10 and 11). 
Our kinetic results showed that the H2O2 is actually generated without dissolved O2 or light 
requirements (Figure 3b). The estimated ratio S/Fe of unreacted pyrite particles (see Figure 2, 
chapter 1) suggested the existence of these S-deficient sites, whereas FTIR and XPS spectra 
suggest the existence of a hydrated complex bond at the iron defect sites (see Figures 30 and 36) 
that may act as a precursor for H2O2 production (Guevrement et al., 1997; Murphy et al., 2009, 
Weerasooriya et al., 2010). De Leuw et al., (2000) showed that the energy of H2O adsorption on 
the pyrite (100) face is around 46.6 KJ/mol whereas on (111) face -that contains more 
undercoordinate iron sites- decreased to -144.3 KJ/mol, which could explain the increase of the 
initial formation rate of H2O2 observed in the (111) pyrite surface experiments (Figure 5). 
Under anoxic conditions, the observed initial observed rate of H2O2 formation is slower than 
under oxic conditions (Figure 4). This may be explained by the fact that in O2 absence, only 
“superoxidized” iron defect sites (Fe3+-S) can produce H2O2 -by H2O adsorption- whereas in 
oxic conditions both types (Fe
2+
-S and Fe
3+
-S) can form H2O2 -by H2O and O2 adsorption-, 
explaining the faster oxidation rates observed in pyrite surfaces that have been exposed to 
H2O/O2 atmosphere (Guevremont et al., 1998b; Rosso et al., 1999a), as has been also reflected 
by the XPS analysis (see Figures 32-35). 
The pH of pyrite slurries decreased under both oxic and anoxic conditions (see Figure 6). The 
pH trend showed a fast drop at the beginning of the reaction, followed by an asymptotic trend 
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towards a pH value around 4-5. The induction period of pH coincides with the accumulation 
period of H2O2 (see Figures 11 and 12), suggesting that the proton release is probably related to 
the H2O2 formation reactions (i.e. via sulfoxyanion formation by nucleophilic attack Eq. 6 or via 
water splitting Eq. 10). Finally, the H
+
 is practically counterbalanced. We believe that once the  
Fenton reaction starts, the H
+
 yield is controlled by the aqueous reactions that involves the 
formation of OH
•
 / HO2
•-
 species (Eqs. 1 and 2, Table 1). 
In addition to the proton increase, dissolved Fe
2+
 is also accumulated in solution (Figure 14). It is 
expected that the accumulation of dissolved Fe
2+
 together with the accumulation of H2O2 and H
+
, 
triggering the Fenton reaction in solution. As the Fenton reaction starts, it initiates a chain 
reaction sequence known as the Haber-Weiss cycle (Eqs. 1-8, Table 1), forming OH
•
 (Figure 21) 
and other ROS species (HO2
•
, O
2•-
, O2) by Fe
2+
/Fe
3+
 cycling (Figures 14-16) leading to H2O2 
consumption. The Fenton reaction can catalyze H2O2 decomposition by both iron surface 
(heterogenous Fenton reaction) and by dissolved Fe
2+
 (homogenous Fenton reaction). Although 
the heterogeneous Fenton reaction is expected to occur, we suggest that the homogenous Fenton 
reaction is the main process that governs the H2O2 decomposition. This hypothesis was 
supported by the experiments performed with Fe
2+
-scavengers (Figure 17). 
Once the Fenton reaction started, it is expected to find oxidation products adsorbed on pyrite 
surface. Due to redox reactions only can transfer one or two electrons per reaction, the oxidation 
of disulfide (S(-2)) to sulfate (S(+6)) must occur by a multi-step process, forming intermediate 
oxidation products (Figures 29 and 32). We believe that disulfide oxidation is initially driven by 
the H2O nucleophilic attack at the charge deficient sulfur (in the neighborhood of iron defect 
sites) and then proceed by the ROS attack (i.e. H2O2, HO
•
, HO2
•
, O2
•-
) according to the overall 
reaction: 
FeS2+ H2O +  2HO
•(or H2O2)→Fe
2++ {SO4
2-
+ S0} +4H+              (Eq. 21) 
In addition, Fe
3+
-O patches were also identified on pyrite surface after H2O reaction under oxic 
conditions (Figures 30 and 33) and after H2O2 reaction under anoxic conditions (Figure 44). We 
suggest that the formation of oxidized products in the S-sites may promote the formation of 
oxidized products in the Fe-sites, similar to the mechanism of “the proximity effect” described 
by Becker and Rosso (2001). Thus, the formation of polysulfide may inhibit the reactivation of 
the nearest iron defect sites, favoring the Fe
3+
-O patches formation by O2 adsorption. The 
formation of this layer of oxidized products on pyrite surface seems to deactivate part of the iron 
Chapter 2: Experimental findings 
 
 
97 
 
defect sites that lead to the H2O2 generation, as was reflected by the decrease of the rate of H2O2 
formation in “cycling experiments” (Figure 24). However, the acidification of the solution 
induces the desorption of iron oxides (pH<3), thus, it is expected that the formation of H2O2 
resumes by exposure of new iron defect sites, as observed in consecutive experiments using 
acid-washed pyrite crystals. We hypothesized that in acidic waters H2O2 formation-
decomposition reactions are counterbalanced, favoring the continuous production of ROS. 
Figure 46 describes the multistep reaction mechanism of the H2O2 formed by pyrite surface 
under oxic and anoxic environments. Summarizing, H2O2 formation is a heterogeneous surface 
reaction occurring by both O2 and H2O adsorption on iron defect sites. As the reaction proceeds, 
the pH decrease and the increase of H2O2 and dissolved Fe
2+
, triggering the Fenton reaction and 
the subsequent H2O2 decomposition. From that point, highly reactive ROS species (i.e. HO
•
, O2
•-
, 
HO2
•
) appeared in solution and turns abiotic pyrite oxidation into auto-catalytic process by 
Fe
2+
/Fe
3+
 recycling, leading to the formation of oxygen, sulfate and ferric oxide/oxyhydroxide. 
 
Figure 46: Outline of the multistep reaction sequence that leads the generation-decomposition behavior of 
H2O2 induced by pyrite surface, under oxic and anoxic conditions. 
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Summary 
 
A better understanding of the mineralogical evolution of Mars can shed light over its geologic 
and climatic history, and help to determine whether past environmental conditions could have 
offered a suitable frame for liquid water and life. 
In this chapter, we present long-term geochemical models aimed at understanding the main 
factors controlling the mineralogy observed on the surface of Mars through robotic missions. 
For this purpose, we built 1D transport models open to the atmosphere and to the basal 
interface, integrating both the kinetics of mineral dissolution/precipitation together with the 
generation rate of supersaturation through evaporation and freezing processes.  
First, we explored the role of reactive surfaces as well as the effect of cation removal by 
diffusion transport over the precipitation sequences of secondary minerals. These models 
allowed us to explain in part the long-term mineral evolution of the planet, characterized by 
phyllosilicate minerals dominating early Noachian sediments (up to 3.800 million years ago), 
followed by sulfate minerals widely distributed in Hesperian terrains (up to 3.000 million years 
ago), as best exemplified in Meridiani Planum.  
Second, we modeled authigenic phyllosilicate precipitation at different freezing process in an 
attempt to explain the observed dichotomy in the distribution of this type of minerals, with a 
widespread presence in the ancient, cratered highlands, and a notable scarcity in the younger, 
northern lowlands. Results of these simulations suggest that the existence of a glacial Ocean 
confined to the northern lowlands could be a plausible scenario to inhibit phyllosilicate 
formation. 
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1. Introduction. 
Because the early geologic record of Mars is well preserved, the types and distribution of 
secondary minerals in sedimentary sequences can help reconstruct the early hydrological cycle, 
and the global climatic and geochemical evolution of the planet. In this regard, geochemical 
models can be an excellent tool to understand past aqueous conditions that led to the mineral 
distribution observed on the surface of the planet. 
Widespread deposits of phyllosilicate minerals over the ancient Noachian crust (up to 3.800 
million years ago), are indicative of long-term aqueous weathering process early in the history of 
Mars (Bibring et al., 2006). On the other hand, predominant sulfate minerals in younger 
Hesperian terrains (up to 3.000 million years ago) point to a gradual decline of the global 
hydrological cycle, leading to a more evaporative aqueous scenario (Squyres et al., 2004). These 
mineral alteration products together with the geomorphology associated to them, such as valley 
networks, basin lakes, sedimentary sequences, deltas and outflow channels, support the 
hypothesis that water-rock interactions played an important role in the early chemical evolution 
of the martian crust (Fassett and Head, 2008).  
However, there are two unexplained observations in the global distribution of secondary 
minerals on Mars: (1) An intriguing scarcity of salts coeval with the ancient phyllosilicate 
deposits, despite salts are a suitable reservoir for the excess of cations released during primary 
minerals weathering (Milliken et al., 2009); and (2) A global dichotomy in the distribution of 
secondary minerals, with a widespread presence of phyllosilicates in the ancient, cratered 
highlands, and a notable scarcity in the younger, northern lowlands. We attempted to reconcile 
both observations using geochemical models. 
 
1.1 The missing salts on Mars. 
The temporal and spatial separation of phyllosilicates and salts has been explained based on a 
global environmental transition during early Mars, from neutral-alkaline conditions to a more 
acidic aqueous environment (Bibring et al., 2006). Previous geochemical models trying to 
explain the mineral assemblages on Mars, often assume closed systems. Although closed system 
models can be useful to describe the equilibrium balance between primary and secondary 
mineral assemblages, when applied to actual martian sedimentary deposits they result in a 
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residual amount of cations not bound to phyllosilicates due to the limited availability of the 
silicate anion. It is expected that an alternative source of anions (i.e. volatiles) would have 
reacted with the residual cations leading to the formation of salts (Milliken et al., 2009), and 
consequently, more recent geochemical models have started to assume semi-open systems (open 
to the atmosphere but closed at the basal interface) (Chevrier et al., 2006; Zolotov and Shock, 
2005). However, these models still fail to explain the observation that in most localities on Mars 
salts usually do not appear together with phyllosilicates (Bibring et al., 2006).  
Furthermore, geochemical models are usually based on equilibrium assumptions for both 
precipitation and dissolution processes (i.e. allowing instantaneously the 
precipitation\dissolution of mineral phases accordingly to their saturation state), or, alternatively, 
by using an equilibrium approach for precipitation and a kinetic approach for dissolution 
(Chevrier et al., 2006; Tosca et al., 2005; Zolotov and Mironenko, 2007). Both approaches give 
reliable results for the precipitation of salts but not for silicates whose kinetics rate constants are 
highly dependent on the pH of the solution – which is in turn modulated by the reactive surface 
of the primary minerals- and the activation energy – which includes the effect of temperature-. 
Consequently, for a particular phyllosilicate type even if it is supersaturated and can precipitate 
(based on equilibrium assumptions), the pH dependence of the rate constant may considerably 
decrease or practically arrest the amount of solid phase that can actually form. 
We hypothesized that the failure of geochemical models to recreate the observed mineralogical 
assemblages on Mars is due to two main reasons. First, because equilibrium conditions do not 
take into account the role of reactive surfaces in determining different crystallization 
pathways—kinetic models are needed to accomplish this. Second, because closed or semi-open 
conditions do not account for transport processes, particularly through the basal interface—
instead, we proposed that reactive transport models across the sediment column are better suited 
to this end. To address the limitations of previous geochemical models, we simulated actual 
mineral sequences on Mars as reconstructed from lander and orbiter data, implementing a kinetic 
approach for the dissolution-precipitation of solid phases and considering open conditions both at 
the atmospheric and basal interfaces. Results of these models are better at explaining the observed 
trends in the mineral record. 
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1.2 The mineralogical dichotomy on Mars.  
The global topography of Mars is characterized by a dichotomy that divides the planet in two 
hemispheric provinces: the northern lowlands, located mostly at elevations below the zero datum 
(zero elevation datum on Mars is defined as the elevation at which the atmospheric pressure is 
6.1 mbars, the triple point of liquid water), and the southern highlands, located largely above the 
zero elevation datum. The elevation difference between these provinces ranges between 1 and 3 
km (Figure 1).  
Both provinces contain portions of the Noachian crust with hydrated silicate deposits, mostly 
phyllosilicates. However, phyllosilicates are very rare in the northern lowlands and have been 
identified so far only in nine impact craters (Carter et al., 2010), whereas they are widespread in 
five to ten thousand locations in the southern highlands (Mustard et al., 2008) including 
depressions, valleys and impact craters (Wray et al., 2009). This is despite all climatic, geologic 
and hydrologic models suggest that if Mars ever had an ocean, it would have been located in the 
northern lowlands (Clifford and Parker, 2001; Carr and Head, 2010). 
 
Figure 1: The topography of Mars by the Mars Orbiter Laser Altimeter (MOLA). The map is a Mercator 
projection to latitude 70° north and south. Download from http://mola.gsfc.nasa.gov/images.html 
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It is well known that temperature has an important effect in mineral dissolution-precipitation 
processes, with low temperatures resulting in low kinetic rates. Thus, we hypothesized that in 
situ clay formation could have been inhibited in the northern lowlands if a cold, glacial ocean 
was present there during the Noachian period. To test this hypothesis, we modeled the kinetics 
of basalt alteration and hydrated silicate precipitation at different temperatures. Results of the 
models showed the inhibition effect that different freezing conditions could have over autighenic 
phyllosilicate formation. This data, together with the results of climatic models and 
paleohydrological reconstructions, confirmed that a cold glacial ocean confined to the northern 
lowlands could explain the paucity of phyllosilicates in that region (Fairén et al., 2011).  
 
2. Geochemical modeling: variables analyzed and initial conditions. 
 
In this section, we first describe the variables analyzed in our aqueous geochemical models as 
well as the expected effect over the mineral assemblage. Then, we explain the initial conditions 
used in the models.  
 
2.1  Kinetics approach of mineral precipitation and dissolution.  
The models include a kinetic algorithm to describe the dissolution-precipitation processes of 
minerals (see chapter 1 for a detailed description). Thus, we analyzed the time-evolution of the 
mineral sequences as observed on the surface of Mars using a multicomponent system, in a more 
realistic way than equilibrium models.  
According to the mineral dissolution rate (Eq. 2, chapter 1) and considering that the specific rate 
constant for each mineral does not change, the net velocity of dissolution of basaltic minerals will 
depend on both reactive surface and temperature. 
 
2.1.1 The role of reactive surface 
The reactive surface is defined in the models as the total extent of mineral surfaces in contact 
with water. We assumed that the degree of fracture of basalt minerals, driven largely by the 
density of impact cratering, determines differences in their total reactive surface. Thus, a heavily 
Chapter 3: Aqueous geochemical modeling of Early Mars 
 
 
106 
 
cratered surface will be more fractured and will have a higher reactive surface, than a surface 
subjected to a lower density of impact.  
In our models the reactive surface depends on the size of basalt fragments and the textural and 
compositional distribution of minerals at the rock surface. Estimation of both values was made 
using the procedure reported by Sonnenthal et al., (2005) and Van Pham et al., (2012), assigning 
an average value of reactive surface to the rock-basalt fragments according to: 
Ssp= 
ϕ
1-ϕ
∙
Ab
ρ̅sVb
          (Eq. 1) 
Where the specific surface of basalt (Ssp, in m
2
/g), is related through the porosity, ϕ, to the total 
volume of each mineral in the sample, dependent on the surface to volume ratio (Ab/Vb) and 
where ρ̅s ( = 3.1 10
6 
g/m
3
) represents the average density of basalt estimated from its modal 
composition (see initial conditions section below). The term (Ab/Vb) varies with the size and the 
shape of rock fragments in contact with water. The reactive surface of each individual mineral in 
the rock was further estimated from the average Ssp of basalt by taking into account the molar 
fraction of each mineral on the surface:   
Sm,i=MiniSspXr          (Eq. 2) 
Where Sm,i is the reactive surface of each mineral in the rock; Mi and ni are the molar mass and 
the moles of the mineral, respectively; Ssp is the average specific surface of basalt fragments for 
the size considered, and Xr is an empirical factor to take into account the effective fraction of the 
surface that is reactive (Van Pham et al., 2012). This parameter is used to minimize the 
discrepancies observed between field and laboratory dissolution rates of silicates. These 
differences are usually attributed to the fact that dissolution reactions occur only at specific 
places of the mineral surface and also to the formation of passivating layers when the dissolution 
is incongruent, reducing the effective surface. Values of Xr between 0.1 and 10
-3
 have been 
reported in literature (White and Peterson1990; White and Brantley, 2003). As Xr value is highly 
uncertain across various orders of magnitude, we used a reduction of one order of magnitude 
according with the work by Sonnenthal et al., (2005). A detailed script showing how we estimate 
the reactive surface of each primary mineral is included in the annex. 
The reactive surface area shows a first order dependency in the kinetic equation (Eq. 2, chapter 
1), accordingly, it is expected to have a significant effect over basalt dissolution. In principle, 
fractured basalt (higher reactive surface area, SA) induces faster basalt dissolution causing 
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alkaline conditions and favoring the precipitation of clays and the downward diffusion of cations 
through the basal interface. In contrast, massive basalt (lower SA) induces slower basalt 
dissolution and may lead the system toward more acidic and oxidizing conditions. In this 
context, evaporation together with volatiles input, may favor the precipitation of salts. 
 
2.1.2 The role of temperature. 
There are few published studies of the temperature dependence of phyllosilicate formation from 
basalt weathering in alkaline conditions at near-freezing temperatures (Marion et al., 2003, 
Chevrier and Altheide, 2008). To model this scenario it is necessary to incorporate kinetic 
equations because phyllosilicate mineral precipitation rates are (1) very low, according to 
ground-truth field data (White and Brantley, 2003; Schott and Oelkers, 1995), and (2) strongly 
dependent on temperature through activation energy (Eq. 2. chapter 1). 
The thermodynamic stability of phyllosilicates is a complex process influenced by the 
interaction of temperature, pH and the particular stoichiometry of every phyllosilicate mineral. 
In order to study the coupling of these variables in the kinetic process of in situ phyllosilicate 
precipitation, we performed a set of geochemical models to analyze the mineral sequence 
resulting from using different freezing rates, assuming the same aqueous scenario of a cold 
ocean. In these models, we considered a complete set of variables, including: total versus 
partially ice-cover (resulting in different degrees of ocean-atmosphere interactions); Earth-like 
versus more salty oceans; slow versus fast cooling rate; and equilibrium versus kinetic ice 
precipitation. In the simulations, we always assumed the more favorable scenarios for the 
precipitation of phyllosilicates, and therefore model results give an estimation of the maximum 
amount of phyllosilicates that could potentially form. 
 
2.2 Open vs. semi-closed system modelling.   
Water-rock interactions are affected by both the atmosphere and the basal substrate. Therefore, 
defining boundary conditions is important in geochemical models that study the mineral 
alteration pathways in specific environments. In our models, we evaluated the interplay of the 
three reservoirs (atmosphere, water interface and sediment column) in the mineral assemblage 
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by considering a suite of gas input from the atmosphere, and ionic-diffusion transport through 
the basal interface. 
 
2.2.1 Input from the atmosphere. 
In open systems, fluids are in communication with the atmosphere, and thus, pH, redox and ionic 
activities of the fluids will be dependent on atmospheric composition (Ehlmann et al., 2011). It 
has been suggested that the conditions required for maintaining liquid water on the martian 
surface during the Noachian derived from the greenhouse effect of a CO2 or SO2 rich atmosphere 
(Chevrier et al., 2007, Jakosky and Phillips, 2001). Accordingly, we modeled water-atmosphere 
interaction process by allowing ionic exchange between atmospheric gases (CO2, Cl2, SO2) and 
the ocean. Episodic releases of volatiles such us Cl2 and SO2 might be caused by large impacts 
or by volcanic degasification. We considered that these dissolved gases were the main source of 
anion to the aqueous solutions, and that the coupling of these gases with the dissolution rates of 
primary minerals led the pH and redox evolution of the system. In other words, we assumed that 
this additional source of anions was necessary to induce salt precipitation. Specific interactions of 
atmospheric gases as well as individual partial pressures were included in each model. 
 
2.2.2 The generation rate of supersaturation: evaporation/freezing. 
As our models are open to atmosphere, we considered that the loss of water was the main factor 
inducing supersaturation in the system. Since supersaturation is the driving force for secondary 
mineral formation the time-evolution of this parameter affects selectively the formation of 
secondary phases, modifying the composition of the solution and leading to different sequences 
of precipitation. In the models supersaturation was generated by evaporation and/or 
simultaneous cooling. 
In the case of evaporation, supersaturation was induced by removing the solvent at 
specific evaporation rates. From the point of view of a liquid-vapor phase transition, the rate 
of evaporation in mass terms can be expressed as: 
d Mw
dt
=
S
V
∙ Ev (1 −
P
p0
)         (Eq. 3) 
Where, Mw (mol/kgw) stand for the moles of H2O evaporated; S/V is the surface to volume 
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ratio (m
2
/dm
3
) which depends on the particular geometry and size of the basin; Ev is the specific 
rate constant (mol/m
2
 s) and, the saturation term (1-P/P0) represents the distance from the 
equilibrium, with p the atmospheric pressure and p0 the saturation pressure of H2O(g) at that 
temperature. Assuming far from equilibrium conditions, this term tends to 1 and evaporation 
proceeds continuously. In this case, the mass amount of water evaporated depends on the S/V of 
the reservoir and on the H2O(g) flow across the air-water interface, given by Ev.  
This flow of H2O(g) has been characterized for the case of Mars by assuming that evaporation 
takes place under free convection conditions (Ingersoll, 1970) in a CO2 atmosphere: 
To model this flow of H2O(g), we included a new algorithm based on the free convection 
approach parameterized for Mars (Altheide et al., 2009; Ingersoll, 1970; Sears and Moore, 2005; 
Sears and Chittenden, 2005). This algorithm has been described as a kinetic keyword that 
calculates the specific rate constant for evaporation using a diffusion mechanism coupled with 
the Grashoff number to account for the free convection component under a CO2 atmosphere 
(Ingelsoff, 1970): 
Ev=0.17∙ J ∙Gr          (Eq. 4) 
Where J= -D∇ρ(L) (kg/m2s) represents the fickian flux of water vapor diffusing across the 
interface. The parameter 0.17 is a constant according to water convection, and Gr is the Grashof 
number (dimensionless), which characterizes the interplay between buoyancy and viscosity in 
the case of natural convection (Chevrier et al., 2007; Sears and Chittenden, 2005; Sears and 
Moore, 2005). A detailed script showing the procedure developed to estimate the evaporation 
rate is contained in the annex. 
In the case of cooling, supersaturation was induced at different freezing rates. Cooling affects 
selectively the supersaturation of secondary phases as a function of their solubility, which is 
dependent on temperature and on the ice formation, which removes water from the system.  
 
2.2.3 1-D diffusive reaction-transport models. 
Simultaneously to the atmospheric control on Eh and pH conditions at the surface, ionic 
transport through the sediment basal-interface also controls the resulting mineral assemblage. We 
modeled the vertical migration of ions across a sediment column composed by fractured basalt 
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with varying degrees of porosity. These reactive-transport-models allowed us to analyze the 
stability of the minerals in vertical sequences. As mentioned earlier (see chapter 1 for a detailed 
description of this algorithm) the time-depth profiles of dissolved species were obtained assuming 
diffusion transport described by Fick’s Laws (Eqs. 3-5, chapter 1).  
 
2.3 Initial and boundary conditions. 
All geochemical models presented here were carried out using the Phreeqc 2.17 software from 
the USGS (see chapter 1 for more details of the capabilities of this code). The kinetics of the 
silicate phases (basalt and phyllosilicates) were modeled including the equilibrium constant as a 
function of pH, by three different constants (ka, kn, kb) (Eq. 2 chapter 1).  
The composition of martian basalts was obtained from recent observations (Bandfield et al., 
2000; Hamilton and Christensen, 1997; McSween et al., 2009). As mean values, we used a 
mineralogy consistent of 65% volume plagioclase (anorthite), 27% pyroxenes (orto- and 
clinopyroxenes), 6% olivine (forsterite and fayalite) and 2% of other components. We used as 
the starting solution water (pH = 7, pe = 4 and T = 273 K) equilibrated with the basalt mineral 
assemblage, leading to the composition showed in Table 1. This solution was supersaturated 
with respect to the secondary minerals that started to precipitate, triggering undersaturated 
conditions for primary phases that started to dissolve. 
Table 1: Composition and physical properties of the starting solution used in the models. 
Dissolved ions derived from pure water equilibrated with basalt. 
 
Element Molality (mol/Kg water) 
Al 1.738 x 10
-4
 
Ca 2.285 x 10
-4
 
Na 1.285 x 10
-4
 
K 1.285 x 10
-4
 
Fe
2+
 3.671 x 10
-5
 
Mg 4.268 x 10
-5
 
P 4.284 x 10
-5
 
S
2-
 5.447 x 10
-7
 
Si 1.501 x 10
-4
 
Physicochemical conditions 
Temperature (K) 
pH 
pe 
273 
11 
-4 
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Geochemical models that include ionic transport through vertical diffusion were simulated by 
using a 1-D sediment column formed by a set of 20 identical cells, representing different layers 
of solutions in the sediment. The majority of the models were built using a column with an 
average depth of 20 cm, based on the basal boundary layer in the terrestrial oceanic floor 
(Boudreau and Jorgensen, 2001), where early diagenesis is more intense and the main mineral 
reactions occur (i.e oxic/anoxic boundary in marine environments). 
Figure 2 shows a representative schedule used in diffusion models. The two upper cells represent 
the surface water at the interface with the sediments formed by basaltic derived clasts (basaltic 
sands or gravel) defined by the solution described in Table 1 (without solid phases). The rest of 
the cells represent the basal column with interstitial water, which are in contact with the water 
above through the pore space of the sediment. The amount of the available space for fluids 
within the basalt sediment column was estimated using the porosity (φ) as a macroscopic 
variable. Porosity is considered in the models as the volume fraction of the total soil that is taken 
up by the pore space. Being expressed as a fraction of total volume, φ can range between 0 and 1 
and, in soils, typically falls between 0.3 and 0.7. In our diffusion models we used porosity values 
of 0.3 and 0.4 corresponding to fractured basalt (McWorter and Sunada 1977, Freeze and Cherry 
1979), except in those models where we evaluated the influence of porosity on the transport 
process. Regarding the diffusion coefficient (Dw) for dissolved species, we employed an average 
value of 10
-9
 m
2
s
-1
, used as the standard value in the PHREEQC database. 
 
Figure 2: Initial conditions considered in diffusion models. 
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For modeling purposes, at t=0, the conditions were the same in all cells, representing the 
water/basalt equilibrium mixture before the beginning of any process of self-organization.  
In the models, diffusion starts when the loss of water occurs in the upper cells increasing the 
ionic concentration in the surface solution. This results in a concentration gradient which is the 
driving force for diffusion according to the Fick’s laws of diffusion (Fick, 1855; Brogioli and 
Vailati, 2000). The evolution of the solution through time in the upper layers is expected to be 
dependent upon the velocity of evaporation/sublimation, the diffusion coefficient of each ion, 
and the porosity of the soil. Results of these models are expressed in centimeters and considering 
short time periods (1- 100 years), as a conservative approximation. 
The last set of models were created to evaluate the inhibition effect of different freezing process 
over in situ phyllosilicate formation (freezing rates are detailed in the models). As starting 
solution, we used the composition resulting from the kinetic weathering of Martian basalt during 
1000 years Table 2. At 298.15 K, this solution is undersaturated for the main basalt constituents, 
and supersaturated for several clay minerals with different structural and compositional 
characteristics, favoring the formation of authigenic clays as secondary phases.  
 
Table 2: Composition and physical properties of the starting solution used in freezing models. Chemical 
composition was obtained after 1000 years of kinetic basalt dissolution in pure water at 25ºC. 
Element Molality (mol/Kg water) 
Al 1.297 x 10
-3
 
Ca 7.924 x 10
-4
 
Fe 2.298 x 10
-8
 
Mg 4.583 x 10
-8
 
S 3.690 x 10
-5
 
Si 2.192 x 10
-5
 
Na 1.121 x 10
-5
 
K 2.242 x 10
-5
 
Cl 1.714 x 10
-7
 
Physicochemical conditions 
Temperature (K) 
pH 
pe 
298 
11 
-8 
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The saturation index of the mineral assemblage considered in these models, at time = 0, is shown 
in Table 3.  
 
Table 3: Saturation index of the mineral assemblages included in the kinetic calculations of freezing 
models. 
Primary minerals from basalt 
Mineral phase Formula Initial Sindex 
Anorthite CaAl2(SiO4)2 -2.04e-4 
Diopside CaMgSi2O6 0.56 
Enstatite MgSiO3 -2.46 
Fayalite Fe2SiO4 -1.10 
Forsterite Mg2SiO4 -4.92 
Secondary clay minerals 
Chamosite-7Å Fe2Al2SiO5(OH)4 4.29 
Chlorite-14Å Mg5Al2Si3O10(OH)8 6.63 
Beidellite-Ca Ca0.16Al2.33 Si3.67O10(OH)2 0.51 
Nontronite-Mg Mg0.165Fe2Al0.33Si3.67H2O12 1.28 
Kaolinite Al2Si2O5(OH)4 1.89 
Illite K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 2.37 
Smectite Ca0.025Na0.1K0.2Fe
++
0.5Fe
+++
0.2Mg1.15Al1.25Si3.5H2O12 0.10 
Secondary zeolite and hydroxide minerals 
Zeolite-Ca CaAl2Si4O12:4H2O 2.49 
Gibbsite Al(OH)3 1.81 
Portlandite Ca(OH)2 -4.68 
 
Ice H2O -0.11 
 
 
We chose these initial conditions because they represent an optimal scenario for the formation of 
phyllosilicates - similar to those occurring in long-term basaltic/oceanic interfaces on Earth- 
(Marques et al., 2008; Tiago et al., 2004). We did so in order to present the best scenario for the 
formation of phyllosilicates, thereby providing a solid basis to test our hypothesis that the 
absence of phyllosilicates in the northern lowlands was due to the geochemical environment, and 
not to the starting conditions of our model. Any other starting conditions would either hinder or 
completely inhibit the formation of phyllosilicates. Therefore, moles corresponding to basaltic 
phases were also included in excess to eliminate the possibility of inhibiting phyllosilicate 
formation due to a lack of ion sourcing from the rock substrate. 
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3. Model results: Case studies. 
Model results were sorted according to the plausible scenarios that led to the current mineral 
sequences of Mars, in particular to explain why phyllosilicates and salts do not appear together 
and why the Martian lowlands show a scarcity of phyllosilicates. Additionally, we divided each 
section according to the variable that we wanted to test on the resulting mineral assemblage.  
 
3.1. The missing salts of Mars. 
 
3.1.1 The role of reactive surface. 
We tested the role of reactive surface over the pH evolution and their influence on the resulting 
mineral sequence. To this end, we simulated the evolution of a system with the same basalt 
composition (see initial conditions above, Table 1) and the same interaction with volatiles 
(continuous fluxes of Cl2(g) 0.05 mmol/yr, SO2(g) 0.025 mmol/yr and CO2(g) 0.025 mmol/yr 
during the first 20 yrs. of the simulation). Therefore, the only parameters varied in these models 
were the size of basalt fragments and the rate of generation of supersaturation, which is 
controlled by evaporation and/or cooling rates (see caption of the Figures 3 and 3 for specific 
values) Different rates of evaporation were induced by assuming a free convection approach (Eq. 
4) varying the evolution of temperature and/or pressure. 
In these models, we did not consider diffusion transport, therefore the subsurface layer was 
closed (i.e. the porosity did not propagate through the sediment column). A geochemical 
scenario describing this situation is the non-diffusive boundary layer (NDBL) in Earth oceans, 
where convection is the dominant mechanism of transport and both the mass of water relative to 
rock (W/R) and porosity are significantly high (ϕ>0.7) (Berner, 1980, Boudreau, 1996). Model 
results are shown in Figures 3 and 4 for high and low reactive surface, respectively. As expected, 
the coupled role of reactive surface and supersaturation led to different precipitation paths of 
secondary phases. 
When considering small fragments of basalt (Sreactive = 480 m
2
/kgw) and low generation rates 
of supersaturation (compared with Figure 4), the solution remained alkaline and reducing 
(Figure 3a). This is due to the quick basalt dissolution that buffers the system with the alkalinity 
of the silica, offsetting the acidification tendency imposed by the atmospheric gases. In this 
Chapter 3: Aqueous geochemical modeling of Early Mars 
 
 
115 
 
context only phyllosilicates and iron oxyhydroxide/oxide are formed (Figure 3b). Despite clays 
and hydroxides incorporate OH
-
 when they precipitate, the OH removal is not fast enough to 
balance the release of Si by basalt dissolution.  
 
           
Figure 3: Model results assuming high reactive surface of the primary minerals (cubes, L = 12 μm; 
Sreactive = 480 m
2
/kgw; ϕ= 0.9) coupled with a low generation rate of supersaturation induced by 
simultaneous evaporation -at constant pressure Patm= 0.1 atm- and fast cooling -until 220K (dT/dt= 
27 K/yr)-. The remaining mass of water in the figure was calculated from Eq. 3, with S/V =0.03: a) 
pH and pe evolution of the system, b) Mineral precipitation sequence (Beidellite, Celadonite and 
Montmorillonite are also formed in the models but in lower amounts).  
 
In contrast, when we considered larger basalt fragments (Sreactive = 0.051m
2
/Kgw) coupled 
with a faster rate of supersaturation, the slow dissolution of basalt did not generate enough 
alkalinity to counteract the acidic and oxidative conditions generated by the input of volatiles 
a) 
b) 
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and the fast loss of water (Figure 4a). Under this context the precipitation of clays and iron 
hydroxides can take place at the initial stages of the evaporation process, when pH remains at 
circumneutral values and the temperature is still relatively high. However, with the progress of 
evaporation the system evolves toward acidic conditions, and the final outcome is the 
precipitation of salts (Figure 4b).  
 
 
            
Figure 4: Model results assuming low reactive surface of the primary minerals (cubes L= 11 cm, 
Sreactive = 0.051m
2
/Kgw) coupled with a faster generation rate of supersaturation induced by fast 
evaporation -at a constant pressure Patm= 0.07 atm- and slow cooling -until 255K (dT/dt= 2 K/yr): a) pH 
and pe evolution of the system, b) Mineral precipitation sequence (Beidellite, Montmorillonite and 
Goethite are also formed in the models but in lower amounts). 
a) 
b) 
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Consequently the reactive surface may induce the evolution toward alkaline or acidic values 
depending on the competition between acidification driven by atmospheric volatiles, or 
alkalization driven by silicate dissolution (often known as “silica alkalinity”). These results 
confirmed the requirement for a reanalysis of the geochemical models, which should incorporate 
kinetic rates and carefully consider the effect of the reactive surface in the basaltic substrate. In 
addition, when the reactive surface of basalt is high, and there is a considerable amount of 
sediments, the porosity generated along the sediment column gives rise to an additional process 
of ionic mass transport. This takes place by diffusion and/or advection that also influenced the 
kinetic evolution of the system as explained in the following section. 
 
3.1.2 The role of diffusion transport. 
In these models, we considered that the basaltic basement of Mars was fractured, primarily due 
to meteorite impacts and followed by further mechanical weathering. This physical alteration of 
basalts resulted in detrital sediments of basaltic composition with a certain degree of porosity, 
allowing ionic vertical transport across the sediment column. In this situation, diffusion is a 
straightforward mechanism of vertical transport to the subsurface for the cations remaining in 
solution after the precipitation of clays (Milliken et al., 2009).  
We modeled a wide range of possible diffusion processes, to analyze the interplay between three 
factors involved in the precipitation path of secondary phases in aqueous environments: (i) the 
dissolution rate of primary minerals (driven by their reactive surfaces), (ii) the ion removal by 
diffusion, and (iii) the reaction with dissolved gases.  
 
3.1.2.1 Testing the effectiveness of the diffusion transport.  
First, we built simple models to analyze the effectiveness of cation removal by diffusion 
transport under different interaction process.  
 Coupling between evaporation and ion surface removal. 
While evaporation physically occurs at the atmosphere water-interface, the concentrated top 
water layers can reach the water-sediment interface and generate a concentration gradient inside 
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the sediment column. To analyze the effect of the evaporation rate - as the driving force towards 
supersaturation- on the effectiveness of surface cation removal by diffusion process, we 
evaluated the downward migration of Ca
2+
 across a gel column (Dw =1x10
-9
 and ϕ = 0.3) by 
using an aqueous solution of Ca
2+
 and SO4
2-
 , under different evaporation rates during 500 years 
(Figure 5). For slow evaporation rates, the concentration gradient disappeared with time because 
the diffusion velocity was efficient at decreasing the concentration of Ca
2+
 from the surface layer 
(Figure 5a). With an intermediate evaporation rate, Ca
2+
 was initially transported to the 
subsurface but after 100 years of simulation a stationary concentration gradient was created 
(Figure 5b). Finally, at fast evaporation rates, the diffusion of Ca
2+
 was not sufficient to remove 
the supersaturation generated by the rapid loss of water from the surface layer (Figure 5c).  
  
 
 
 
 
Figure 5: Subsurface migration of Ca
2+
, under three 
different evaporation rates (in this case we use a 
sequence of linear rates to generate different 
supersaturation schedules) a) slow rate, 0.02x10
-3 
moles/yr. b) Intermediate rate, 1.8x10
-3
 moles/yr. and, 
c) fast rate, 40x10
-3 
moles/yr. As initial conditions, we 
started with a concentration gradient of Ca
2+
 (defined 
by 1mM in the upper cell and 0.5 mM in the rest of 
cells) and a sediment column of 2 meters. 
a) b) 
c) 
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For clarification the time-evolution of the [Ca
2+
] in the surface layer is represented in Figure 6. 
The more effective scenario for surface cation removal at the slowest evaporation rate appears 
counterintuitive. However, it makes sense when considering that high evaporation rates can 
induce a level of supersaturation that ionic migration (limited by the effective diffusion 
coefficient, De) is not able to compensate. Consequently, the precipitation of salts on the surface 
may be inhibited in a continuous and slow evaporative scenario, whereas the level of 
supersaturarion created in a high evaporative scenario may induce surface precipitation of salts 
despite the downward migration of cations. Thus, the sustainability in the process of cation 
removal from the surface solution depends on the interplay between evaporation rates and 
diffusion transport. 
 
Figure 6: Evolution of the surface concentration of Ca
2+
 with time (upper cell of the previous models). 
 
 The effect of porosity in diffusive transport. 
Porosity in basaltic-rock is usually considered to vary between 0.03 and 0.3, depending on the 
degree of fracturing. On the other hand, basaltic sands that could also form the bottom sediments 
of a hypothetical Martian ocean would have porosity between 0.3-0.7. Since the effective 
diffusion coefficient is directly proportional to the porosity (Eq. 7, chapter 1), it is expected that 
the main effect of raising porosity would be to increase the effectiveness of the downward ionic 
transport through the sediment column. To test this effect, we compared the surface cation 
removal of Ca
2+
 across a gel column, at different porosity values (cm
3 
water /cm
3 
sediment) for a 
period of 50 years (Figure 7). As expected, higher porosities induce faster cation removal from 
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the surface. Thus, basalt sediment characterized with a high degree of porosity could have 
inhibited the precipitation of salts. 
   
Figure 7: Downwards diffusion of Ca
2+
 at different values of porosity, : a) 0.1 b) 0.3 and c) 0.7 (we used 
the same approaches describing in the section above, evaporation rate = 0.2 x10
-3
 mol/yr). 
 
3.1.2.2 1-D Reaction-transport: Equilibrium approach  
The equilibrium model is an important thermodynamic test to verify that evaporation generates a 
concentration gradient that induces the selective migration of ions to the subsurface, even 
considering that the precipitation of solid phases occurs instantaneously. In these simulations, 
we assumed a high reactive surface of basalt, slow evaporation rate and a continuous flux of 
volatiles from the atmosphere (see caption of Figure 8 for model details).  
Model results show that diffusion is able to efficiently remove cations from the surface even 
considering short periods of time (one year) (Figure 8). The concentration gradient induced by the 
loss of water in the surface layer leads to the accumulation of cations (after clay formation) in 
subsurface layers (Figure 8a-c). Sulfates do no precipitate in the model due to the alkalinity of the 
system (resulting from the high reactive surface of the basalt), and oxides do no precipitate along 
with clays, because the content of Fe
3+
 in solution is very low and falls between the 
concentration ranges where hydrolyzed species of Fe
3+
 are more stable in solution. These low 
concentrations result from the interplay between (i) the diffusion process, which reduces the 
evapoconcentration of Fe
3+
 species in surface waters; and (ii) the incorporation of Fe
3+ 
to clay 
mineral lattices, very insoluble at neutral pH (Figure 8d). 
a) b) c) 
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Figure 8: Diffusion of cations assuming equilibrium conditions for secondary mineral precipitation across 20 
cm length of a basalt sediment column during 1year of simulation (Dw 1x10
-9
; ϕ = 0.3) a) Ca2+; b) Mg2+ and c) 
Fe
3+
. In d) is represented the time- profile of nontronite-Mg as an example of the secondary mineral phase 
formed in the simulation. Model approaches: linear evaporation rate ~0.025 mol/day, continues flux of 
volatiles from the atmosphere- CO2 (g) ~ 0.055 Mm/day, Cl2 (g) and SO2(g) ~ 0.0237 Mm/day-. Dissolution of 
primary minerals was modeled kinetically, average reactive surface of 1096 m
2/kgw (cubes, L = 5.5 μm); 
Secondary minerals considered in the model: beidellite, kaolinite, nontronite-Mg, smectite, clinochlore, 
gibbsite, goethite, alunite, gypsum, jarosite (kaolinite and gibbsite are also formed in the simulation, see 
Figure 9 below). 
 
We also run the model in the absence of diffusion by using the same initial approaches but 
preventing ion transport to subsurface layers. Figure 9 shows the surface mineral assemblage 
obtained in the presence and absence of diffusion transport. When ionic vertical transport is 
not considered, anions derived from volatiles progressively accumulate in solution, lowering 
the pH of the system. This, together with an increase in cation concentration by surface 
evaporation, and in the absence to subsurface migration, favors the supersaturation of salts 
a) b) 
c) d) 
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(gypsum) and iron oxyhydroxides (goethite). Taken together, our equilibrium models predict 
that diffusion is a qualifying mechanism to inhibit the coetaneous precipitation of clays, salts 
and iron oxides near the surface. 
  
Figure 9: Time evolution of the mineral sequence obtaining with equilibrium models: a) allowing diffusion 
transport (upper cell of the previous model); b) preventing diffusion transport (boundary conditions of the model 
were those described in the previous figure, Figure 8). 
 
3.1.2.3 1D reaction-transport: kinetic approach. 
After testing the effectiveness of surface cation removal by diffusion, we modeled the spatial 
and temporal variations of the conditions inside a basalt sediment column, considering a 1-D 
transport system that involves: (1) evaporation process, (2) diffusion transport and (3) aqueous 
kinetic reaction (precipitation/dissolution of mineral phases). 
We simulated a scenario corresponding to an early ocean or paleolake in Mars, subject to 
evaporation process. Here, a feedback was expected between evaporation and the density flux of 
water driving the more saline water to the bottom, as occurs in evaporating platforms on Earth. 
This process will produce a “brine reflux” (Jones et al., 2002), in which top waters concentrated 
by evaporation will flow downward, displacing less dense underlying ground waters. Once high 
saline waters reach the water-sediment interface, brines continue to flow into the subsurface, in a 
process known as “latent reflux” (Jones et al., 2002; Al-helal et al., 2012). At this point, the 
formation of secondary phases is controlled by diagenetic processes, following a feedback 
behavior driven by the interplay between diffusion and reaction. This can generate a very 
complex distribution of diagenetic patterns, in the form of precipitation-fronts along the 
a) b) 
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sediment column (Ortoleva, 1994; Berner, 1980), depending on several variables such as gas 
diffusion, sediment porosity and reactive surface of primary minerals.  
We modeled two different situations according to input source of volatiles: (1) from the surface 
through atmospheric interaction, and (2) from the subsurface through groundwater emergency 
from hydrothermal activity. The initial approaches used in these models were: 
- Vertical transport of ions were modeled using diffusion across a basalt sediment column (during 
100 years (L = 20 cm, Dw = 1x10
-9
, Ø = 0.4).  
- Continuous loss of water, using a linear evaporation rate (0.02 mol/yr) 
- Continuous flux of volatiles, using a linear rate: 0.02 mol/yr of CO2(g) and 0.001 mol/yr of SO2(g) 
and Cl2(g). 
- The dissolution/precipitation of the mineral phases was modeled using a kinetic approach.  
The basalt composition used is described in the initial conditions section, Table 1 (L = 5.5 μm; 
Sreactive = 1096 m
2
/kgw). As secondary mineral phases we included clays (smectite, kaolinite, 
beidellite and chlorite); salts (jarosite, alunite, gypsum, and calcite) and hydroxide (goethite and 
gibbsite). Thus, the only variable changing in the models was the flow of volatiles -upward or 
downward- respectively. 
 
 Input of gases from the subsurface.  
The diffusion of gases into solution from the subsurface is relevant to fine grain sediments, 
affected by hydrothermal groundwater circulation and without fractures for preventing the 
advection of gases to the atmosphere. Figure 10 shows the evolution in time of the mineral 
phases formed. Clay precipitation occurs in all layers of the sedimentary column. Clinochlore is 
mainly formed at middle and upper layers where the pH of the solution is higher (Figure 10a) 
whereas smectite precipitation occurs at the bottom layer (Figure 10b). The pH remains alkaline 
due to the high reactive surface of the basalt but the bottom layers are slightly more acidic due to 
the subsurface injection of volatiles. Iron oxyhydroxide uses the remaining ferric iron after clay 
precipitation (smectite) and is initially formed at the bottom layers where the interstitial water is 
more oxidizing. As the simulation proceeds, the interstitial water turns more homogeneous 
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through diffusion mixing processes and the precipitation front of goethite is progressively 
distributed along the sediment column (Figure 10c). Dissolved CO2 is in the form of CO3
2-
 
species, thus, calcite is also formed, reaching the maximum amount at the lower cells (Figure 
10d) whereas sulfates are not formed, inhibited by the high pH of the system. Neutral sulfates 
salts, as gypsum, remained subsaturated due to the Ca
2+
 scavenging by carbonate and clays. 
 
  
  
Figure 10: Deep profiles of secondary phases formed with subsurface volatiles input: a) clinochlore, b) 
smectite, c) goethite and, d) calcite (beidellite and gibbsite are also formed in the simulation showing the 
maximum precipitation-fronts at lower and upper layers, respectively, see figure 11 below). 
 
The complete mineral sequence obtained after 100 years is shown in Figure 11. This mineral 
distribution depends on the interstitial water evolution across the sediment column. Ultimately, 
a) b) 
c) d) 
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the chemical composition of this solution is controlled by the supersaturation generated 
(dependent of the coupling between the ionic diffusion and the evaporation process) and of the 
velocity of dissolution/precipitation (dependent of the coupling between reactive surface and the 
volatiles input that lead the pH evolution of the system). Importantly, this model leads to the 
coexistence of salts (carbonates and iron oxyhydroxides) and clays. 
 
Figure 11: Distribution of the mineral assemblage obtained after 100 years of simulation. 
 
 Input of gases from the surface. 
A more likely scenario for Mars is water that is in contact with an acidic-oxidative atmosphere, 
and is subject to a continuous loss of water. Thus, we assumed that the upper layer is received a 
continuous flux of volatiles (CO2(g), SO2(g), Cl2(g)). In principle, surface solution is expected to be 
more oxidative and acidic, due to the anion reactive species formed by the volatiles input. Thus, 
mineral sequences will be dependent on the mixing of surface water with alkaline pore water 
derived from the kinetic basalt dissolution by the diffusion ionic transport. This upper solution 
can be slower or faster buffered by the kinetic basalt dissolution according to their reactive 
surface (see section reactive surface above). As different size-distributions of mineral fragments 
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can lead to equal porosity, we also evaluated the evolution of the system considering low and 
high reactive surface of primary minerals. 
First, we assume a surface solution in contact with heavily fractured basalt, resulting in faster 
dissolution rates of primary minerals. In this context, the solution evolves rapidly towards 
alkaline values and clays are the major precipitation product in surface layers (Figure 12a-c) 
whereas sulfates are not formed. The alkaline pH also favors the precipitation of goethite whose 
precipitation front is gradually shifted towards the middle point of the column due to 
competition with clay minerals (i.e nontronite) for ferric iron incorporation (Figure 12d).  
  
  
Figure 12: Deep profiles of the secondary phases formed during aqueous reaction of a basalt column 
considering gases input from the atmosphere and high reactive surface of primary minerals (cubes, L = 5.5 
μm; Sreactive = 1096 m2/kgw): a) beidellite-Ca, b) smectite, c) clinochlore and, d) goethite (Calcite and 
gibbsite are also formed showing the maximum accumulation at surface and subsurface layers, respectively, 
see Figure 14 below). 
a) b) 
c) d) 
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Second, we considered the same system but starting with less fractured basalt, resulting in 
slower dissolution rates of primary minerals. In this case, it is expected that the input of volatiles 
from the atmosphere and the loss of water from evaporation processes will be the main factors 
inducing variations in pe - pH conditions as well as in ionic strength. Under this context, the 
system evolves toward an evaporitic scenario characterized by acidic and oxidizing conditions, 
where sulfates form predominantly in the upper part of the sediment column (Figure 13a and b), 
whereas clays distribution tends to follow an opposite trend (Figure 13c). Iron oxyhydroxide also 
forms at the initial stage of the simulation when the pH is still alkaline. As the solution becomes 
more acidic through the input of volatiles, goethite becomes unstable and dissolves (Figure 13d). 
To facilitate the comparison between both scenarios, the mineral assemblages obtained after 100 
years of simulation are shown in Figure 14. The main difference between them is that with high 
reactive surface the solution is rapidly displaced towards alkaline values, favoring the formation 
of clay minerals (Figure 14a). In contrast, with low reactive surface the system evolves towards 
an evaporative situation, favoring the formation of sulfates (alunite, gypsum) near the surface 
(Figure 14b). 
Taken together, these results highlight the importance of considering open kinetic models to 
accurately reproduce the geochemical conditions on the Martian surface, where cation removal 
by diffusion process, volatiles input and the reactive surface of the basalt can play an important 
role in the time-evolution of the mineral sequence formed. 
 
  
a) b) 
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Figure 13: Deep profiles of the secondary phases formed during aqueous reaction of a basalt column under 
the same boundary conditions described in previous figure but assuming low reactive surface of primary 
minerals (cubes, L = 54 mm; Sreactive = 0.11 m
2
/kgw) *Beidellite-Ca and Gibbsite also precipitated. Both 
phases showed the maximum accumulation at deeper layers (see figure 14 below). 
 
  
Figure 14: Distribution of the mineral assemblage obtained from the previous models after 100 years of 
simulation: a) with high reactive surface and, b) with low reactive surface. 
 
c) d) 
a) b) 
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3.1 The mineralogical dichotomy on Mars. 
We evaluated the authigenic precipitation of phyllosilicates assuming the existence of a southern 
supercontinent and a northern glacial ocean above 30º latitude early in the history of Mars. 
Results of a climatic model showed that under this context, meridional heat transport on early 
Mars would have resulted in an ineffective latitudinal distribution of solar energy from low to 
high latitudes, and mean annual temperature differences between the equator and the North Pole 
could reach more than 20 K, indicating a sharp latitudinal gradient of surface temperatures 
(Fairén et al., 2011).  
As a first approximation, we evaluated authigenic clay precipitation under different freezing 
process for a period of 1000 years. Results of these models are represented in Figure 15. In this 
case, clay precipitation is controlled by: (1) the competition for ions in a multicomponent 
solution between supersaturated phases; and (2) the specific cooling rate. Competition for ions 
plays a major role when the cooling rate is slower (Figure 15a). If the velocity of freezing 
increases by one order of magnitude, the synthesis of clays stops earlier and the final mass of 
precipitated clays is smaller also by one order of magnitude (Figure 15c). 
Figure 16 shows the specific evolution of chlorite as a function of temperature, pH and time. 
Maximum clay precipitation occurs at 298 K, coinciding with the relatively lower alkalinity of 
the system. When temperature decreases, the velocity of clay precipitation tends to zero, and 
simultaneously the alkalinity increases. 
We then applied these preliminary results to the case of glacial hemispheric ocean under early 
Mars conditions. We simulated two different scenarios: first, we assumed that the ocean was 
only partially covered with ice, allowing ocean-atmospheric interactions; second, we assumed a 
complete ice-covered ocean, with the ice-cover acting as a barrier against atmospheric 
interactions (i.e., system closed to the atmosphere). Results of both scenarios are shown in 
Figure 17. Precipitation of phyllosilicates is more favorable when the ocean is isolated from the 
atmosphere (Figure 17b). This is due to the fact that if the ocean is ice-covered there is no 
atmospheric interaction and the input of additional anions necessary to form salts (i.e., SO4
2-
, 
CO3
2-
, Cl
-
) is restrained.  
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Figure 15: Clay formation at different cooling rate: a) 
5K/1000 years b) 25K/1000 years and c) 50K/100 
years. Boundary conditions: closed system, see initial 
conditions section above for basalt and initial solution 
composition (Tables 3 and 4). 
 
 
Figure 16: 3-D plots for the crystallization rate (x10
7
) of: a) chlorite and b) Mg-nontronite, as a function 
of temperature, pH and time. Isolines superimposed on the 3-D surface indicate pH values.  
a) b) 
c) 
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Details of the precipitation pathways in this closed-system scenario are provided in Figure 18. 
Figure 18a illustrates the most likely scenario for early Mars: a partially ice-covered ocean 
allowing the interchange of gases with a CO2-dominated atmosphere that induces moderate 
acidity (pH ~ 4), and elevated salinity triggered by progressive evaporation. Under these 
conditions, the dominant phase is chert, while sulfates (gypsum and alunite) and iron oxides 
(hematite) are also formed. No synthesis of carbonates occurs due to the prevalence of CO2 and 
HCO3
-
 and the starvation of CO3
2-
 under acidic pH. The only clay that precipitates is Mg-
nontronite, but its stability is highly dependent on temperature, becoming unstable at freezing 
conditions.  
Figure 18b shows the evolution of the system with a complete sealed ocean (fully ice-covered 
ocean). In this scenario, only hydrated silicates precipitate (layered silicates or zeolite phases) 
along with hydroxides (gibbsite, portlandite). The formation of other phases such as sulfates, 
carbonates or chlorides is prevented because the system is closed to the atmosphere. 
Irrespectively, salt formation would scavenge cations from solution, further inhibiting clay 
formation. Clay formation is significant at the beginning, but becomes residual as temperature 
decreases. At the final stages, the dissolution of clays induces the formation of hydroxides 
(gibbsite and portlandite) and zeolites as stable products. 
To make our model as complete as possible, we also evaluated the effect of ice formation on the 
amount of clays that precipitate, by performing (i) an equilibrium model where ice is 
instantaneously formed below the freezing point depression (mineral phases are kinetically 
examined); and (ii) considering slower ice formation by a kinetics approach that allows water to 
be overcooled to some extent. Additionally, we considered a range of salinities in both scenarios 
to simulate the evolution of the system also at high salt concentration, as has been proposed for 
early Mars (Fairén et al., 2009; Fairén, 2010). 
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Figure 17: Kinetics evolution of the solution and precipitation of mineral phases during a process of 
evaporation and freezing, assuming a cold glacial ocean on early Mars (Ionic strength, 2.406x10
-3
; cooling 
rate, 0.1 K yr
-1
; evaporation rate, 10
-3
 mol H2O L
-1
 yr
-1
): a) ocean open to the atmosphere (atmospheric 
composition, log pCO2 = -0.3, H2S(g) as source of S
2--
= 1x10
-5
 mol kgw
-1
, and Cl2(g) as oxidant to reach a 
redox potential Eh= 0.4. b) The same as in a, but considering an ocean isolated from the atmosphere. 
 
a) 
b) 
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Figure 18: Detailed Kinetic evolution of the precipitation pathways described in the previous figure 
(Figure 17): a) in an ocean that allow atmospheric interaction processes b) ice-covered ocean. The increase 
in salinity, associated with the progression of the evaporation, together with basalt dissolution and cooling, 
induces the lowering of the freezing point depression and delays ice nucleation. As a result, ice starts to 
form below 253 K in (a) and below 260K in (b). 
 
3.1.1 Ice equilibrium model.  
Figure 19 shows model results assuming instantaneous ice formation using four different 
salinities. At the lowest salinity (Figure 19a), and upon cooling, the low ionic strength of the 
initial solution results in a freezing point depression of a few degrees (below 271 K). Ice begins 
a) 
b) 
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to form a cover, and the resulting increase in salt concentration raises the ionic strength of the 
remaining solution, which progressively reduces the freezing point depression of the residual 
water. Thereafter, the temperature of the water below the ice-cover never falls below the 
freezing point. With time and continued cold conditions, the ice layer becomes thicker, and a 
two-stage rise in pH is observed together with an increase in ionic strength. The first rise in pH 
occurs above the freezing point of pure water, when alkalinity increases slowly following a 
linear trend. This behavior is induced by the coupling between the dissolution of primary 
minerals from basalt, which occurs more efficiently at high temperatures, and the simultaneous 
precipitation of clays, which partially offsets the rise in pH. The second rise in pH occurs below 
the freezing point of pure water, when pH increased drastically due to a reduction in water 
availability (e.i. due to ice formation). During this process clay precipitation occurs mostly at the 
beginning. Clinochlore, chamosite and nontronite are formed at temperatures between 296 and 
288 K. Below 288K, the amount of clinochlore and chamosite remains in a stationary state, and 
nontronite dissolves partially. A slightly different behavior is observed in the particular case of 
kaolinite and beidellite. For these phases, the growth kinetics are less influenced by temperature, 
and they can precipitate using the residual supersaturation resulting from both the continuous 
dissolution of basalts minerals and the dissolution of other clays (i.e. nontronite), which become 
unstable at the temperature and pH of the solution. However, the significant increase in pH that 
takes place as temperature lowers below 273 K causes the dissolution of both kaolinite and 
beidellite. With higher salinity at the initial conditions, the freezing point of the solution 
decreases (water freezes at lower temperatures), the mass of liquid water still available at 
temperature under 273 K increases, and less clays precipitate (Figure 19b and c).  
 
a) 
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Figure 19: Evolution of the solution and precipitation of clays in an ice-equilibrium-model for a cooling 
process, from 298 to 253 K, at a cooling rate of 2.25 K/yr: a) initial salinity 0.0776 g/Kgw; b) initial 
salinity x 10 (0.776 g/Kgw); c) initial salinity x100 (7.76 g/Kgw). The descent line of water shows a very 
sharp decrease near the freezing point of pure water as a consequence of the instantaneous crystallization 
of ice; and finally tends to be asymptotic. At this point, a mixture of brine and ice coexist. 
 
3.1.2 Ice kinetic model. 
We also simulated a scenario where the formation of ice in solution is affected by the kinetics of 
ice nucleation and growth rates. Here, ice precipitation occurs significantly slower than in the 
previous model, and water remains as a metastable liquid phase at temperatures far below 273 K 
for a definite time period, preventing the formation of an ice-cover.  
b) 
c) 
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Results of this simulation using different salinities at starting conditions are shown in Figure 20. 
The model conditions allow water to be overcooled at a temperature interval from 273 to 255 K 
during 10 years. The general behavior for clay precipitation is similar to the equilibrium model, 
except for the fact that the amount of water that remains in the liquid state at low temperatures is 
greater, and stays liquid during a longer period of time. Consequently, clays whose precipitation 
rate is less dependent on the temperature (kaolinite, beidellite) can still precipitate below the 
freezing point. Additionally, the raise in pH is less pronounced in the kinetic model, but 
continues to be fast when the amount of water diminishes, causing dissolution of kaolinite and 
beidellite as in the previous scenario. When the initial salinity of the solution is higher, 
phyllosilicate precipitation is made more difficult due to the increase in alkalinity that results 
from the increase in salinity (Figure 20b and c). Consequently, mineral phases that are very pH-
dependent, such as kaolinite, become unstable and tend to dissolve. Other phases become 
subsaturated under alkaline conditions because their cations (Mg
2+
, Ca
2+
, Al 
3+
) preferentially 
form hydroxyls in the solution; such is the case of nontronite and beidellite (Figure 20b and c). 
At the final stage, clay dissolution induces the formation of hydroxides (gibbsite and portlandite) 
and zeolites as stable products in highly alkaline conditions (Allen et al., 1981; Deer et al., 2004) 
Therefore, taken together the results of our models show that even under the most favorable 
scenario for the formation of phyllosilicates, that is an ocean isolated to the atmosphere, a 
system consisting of basalt + water that evolves towards subzero temperatures irremediably 
precludes the formation of clays. 
 
 
a) 
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Figure 20: Evolution of the solution and precipitation of clays in an ice-kinetic-model for a cooling process, 
from 298 to 253 K, at a cooling rate of 0.1 K/yr: a) initial salinity 0.0776 g/Kgw; b) initial salinity x 10 (0.776 
g/Kgw) and, c) initial salinity x 100 (7.76 g/Kgw).  
 
4. Discussion. 
4.1 The missing salts of Mars. 
Our reactive surface and diffusion models highlight the contrasting aqueous weathering behavior 
of massive basalt and basaltic detrital sediments, and their influence on the resulting assemblage 
of secondary minerals. Although the variation in the total reactive surface of basalt does not 
b) 
c) 
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change the pH dependencies for the dissolution of the individual minerals, the ratios of the 
released cations may be significantly modified. The interplay between the dissolution behavior 
together with ion removal by vertical diffusion transport in an aqueous scenario affected by 
evaporation process and input of volatiles (open system) can help to understand the stratigraphic 
sequences of secondary minerals observed on Mars, and also provide insights into the 
dissolution behavior of multi-phase rocks. Furthermore, the diffusion of cations to the subsurface 
may help opening a new venue in the analysis of the geochemical processes generating 
supersaturation and precipitation in aqueous solutions on early Mars, beyond surface 
evaporation.  
Results of reactive surface models demonstrate that starting from a solution in equilibrium with 
basalt at circumneutral pH, the rate of mineral dissolution and evolution of the solution (i.e. pH-
pe), is controlled by the interplay of the reactive surface and atmospheric interaction processes 
(i.e. water evaporation rates and rates of volatile input), resulting in different mineral sequences: 
(1) models with high reactive surface and low evaporation rates allow the coexistence of clays 
with iron oxides (Figure 3). In contrast, models with low reactive surface and high evaporation 
rates favor a mineral sequence governed by salts (sulfates and iron oxides) and inhibit the 
formation of phyllosilicates (Figure 4). Consequently, precipitation of salts and oxides is 
expected where surface waters have been highly evapoconcentrated, such as in Meridiani 
Planum (Fairén et al., 2009, Squyres et al., 2004). 
On the other hand, when considering a system with fractured basalt allowing cation diffusion 
transport across the basal interface, mineral dissolution/precipitation is also controlled by the 
migration of cations to the subsurface. Results of our simulations for testing the efficiency of 
diffusion transport show that downward migration of cations is strongly dependent on the 
coupling between the evaporation rate (as the driving force to induce supersaturation in surface 
waters), the diffusion coefficient and the degree of porosity of the basalt column (Figures 5-7). 
Therefore, it is expected that by using diverse combinations processes of diffusion, 
evaporation/sublimation and volatiles input, it will be possible to modify the temporal and 
spatial relationships between phyllosilicates and salts in the uppermost centimeters of the 
column.  
To determine the effect of diffusion transport on the temporal evolution of a system, we 
simulated the same geological scenario sequentially allowing and disallowing diffusion. We 
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assumed equilibrium conditions for mineral precipitation and short simulation time and even 
under these conditions, the surface mineral sequences obtained were rather different (Figure 9). 
These results predict that, when the basaltic substrate presents porosity, the excess of cations 
existing in solution after the precipitation of clays can be transported to subsurface. Thus, 
diffusion is a direct and straightforward mechanism of vertical transport that drives salt-forming 
cations to deeper layers. 
We also modeled how the mineral sequences change with time in more complex and realistic 
systems by considering the interaction of the input of volatiles, as the anion source, with the 
diffusion process and assuming that the minerals involved were kinetically dissolved and 
formed. The input of anions from the subsurface results in mineral assemblage characterized by 
abundant clays near the surface and abundant salts (iron oxyhydroxides and carbonates, no 
sulfates) in the subsurface (Figures 10 and 11). Since an atmospheric input of volatiles is a more 
likely scenario we also evaluated the effect of the reactive surface under such conditions. A high 
reactive surface of basalt resulting from continuous impact bombardment (such as expected early 
in the history of Mars) leads to fast basalt dissolution and downward diffusion of cations, 
promoting the maintenance of alkaline conditions and favoring the synthesis of phyllosilicates, 
along with smaller amounts of carbonates and hydroxides (Figures 12 and 14). On the other 
hand, a low reactive surface of basalts (such as expected later in the history of Mars), results in a 
system mainly controlled by atmospheric interaction process, leading to more acidic and 
oxidizing conditions. In the end, the slow dissolution of basalt results in the precipitation of high 
soluble salts as sulfates (Figures 13 and 14). The orbital surface-penetrating radar Shallow Radar 
(SHARAD) on board Mars Reconnaissance Orbiter (Seu et al., 2004) has confirmed that the 
reactive surface of Noachian basalts was larger than that of post-Noachian basalts, therefore 
offering a solid basis for our geochemical modeling of the different aqueous modification of the 
volcanic basalts at different time epochs on Mars due to their different degree of fracturing 
derived from different impact cratering rates. 
In summary, our results offer a complementary, additional, and not mutually exclusive 
explanation to that of Bibring et al., (2006) regarding the transition from a Noachian aqueous 
mineralogy involving substantial quantities of circumneutral liquid water and dominated by the 
synthesis of clays, to a post-Noachian geochemistry characterized by the precipitation of salts in 
limited amounts of saltier and acidic liquid water. Our models allow for intermediate states 
Chapter 3: Aqueous geochemical modeling of Early Mars 
 
 
140 
 
depending on the degree of fracturing of Martian basalts. Such intermediate states would aptly 
explain the geochemical transitions observed in the Martian sedimentary record, specifically, 
they would explain the coexistence of clays and salts observed in specific localities, as has been 
shown by the MER Spirit in the Columbia Hills at Gusev crater, and by MEX-OMEGA and 
MRO-CRISM in several locations on Mars, including regional coexposures of phyllosilicates 
with either carbonates (Ehlmann et al., 2008), sulfates (Poulet et al., 2005; Wiseman et al., 2008; 
Murchie et al., 2009) or chlorides (Murchie et al., 2009), and even the presence of sulfate-
bearing materials underlying phyllosilicate-bearing strata (Wray et al., 2010). The kilometers-
thick sedimentary sequence observed in the central mound of Gale crater, which displays the 
transition from early clay sedimentation to later sulfate and oxide assemblages (Milliken et al., 
2010), serves as a test site for our model. Based on our results, we hypothesize that clay 
sediments were deposited in open bodies of water over a heavily fractured surface shortly after 
impact excavation, whereas later rock-water interactions over less fractured basalt would have 
resulted in the precipitation of sulfates.  
 
4.2 The mineralogical dichotomy of Mars. 
We also performed geochemical simulations to shed light on the global distribution of 
phyllosilicates on the surface of Mars. Based on the results of a climatic model pointing to a 
large latitudinal gradient in temperature during early Mars, we hypothesized the existence of a 
cold glacial ocean confined to the northern latitudes (Fairen et al., 2011). In this scenario, we 
simulated the mineral sequences that would form under different freezing conditions. The 
models simulated two scenarios: (1) a completely sealed, ice-covered ocean (closed to the 
atmosphere); and (2) a partly ice-covered ocean (with interaction with a CO2-rich atmosphere). 
Both scenarios showed that as temperature decreases, the formation of phyllosilicates is 
hindered, at the same time that the formation of other secondary phases (hydroxides and 
zeolites) is promoted (Figures 17 and 18). Even considering a totally sealed ocean with no 
additional sources of anions (i.e. no input of atmospheric volatiles), there is a significant 
inhibition of authigenic clay formation (Figures 17b and 18b) due to a coupled effect of the 
activation energy and the pH evolution of the system. 
In addition, we also analyzed the effect of ice formation (using both equilibrium and kinetic 
models of ice formation) and the effect of the salinity on the sequential mineral pathways. 
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Results from these models support the previous results of phyllosilicates inhibition, and show 
that at lower temperatures (below 270 K) most clay minerals become unstable and dissolve, 
while hydroxide phases precipitate (Figures 19 and 20). Even when considering a salty ocean 
with a slow rate of ice formation that promotes overcooling, the authegenic formation of clay 
minerals is inhibited (Figure 20c). 
In summary, our results show that assuming relatively high temperatures during early Mars (just 
over 273K), hydrated silicates would be common precipitation products. Such scenario is 
compatible with the expected average conditions at mid and low latitudes during the Noachian, 
and helps explain the widespread occurrence of phyllosilicates in the tropical highlands. 
However, when assuming lower temperatures (under 273 K) and the presence of an ocean, the 
kinetics of hydrated silicate formation become noticeably slower, and the synthesis of 
phyllosilicates is not expected to be a broad phenomenon, a scenario compatible with the 
absence of phyllosilicates in the northern lowlands of Mars.  
As a final outcome, our results showed that the mineral sequence on Mars is highly dependent 
on the interplay between (i) the dissolution rate of primary mineral phases, controlled by the 
reactive surface; (ii) the input of volatiles, which controls the evolution of pH-pe, 
counterbalancing the alkalinity derived from basalt dissolution; (iii) the evaporation rate and the 
ion removal via diffusion-reaction process along the sediment column, which controls the 
surface ionic concentration; and (iv) the freezing rate and the subsequent ice formation, which 
also determines the velocity of kinetic reaction processes. Therefore, while equilibrium and 
closed-system models can be useful to reconstruct geochemical conditions under certain 
scenarios; kinetic-open models are more suitable to explain the aqueous alteration processes that 
resulted in the global mineralogy observed on the surface of Mars. 
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Summary 
 
The discovery of the highly oxidizing nature of the martian soils by the experiments onboard the 
Viking Landers (1976) initiated an intensive search for possible sources of oxidation on the 
Mars surface. The H2O2 molecule, already identified on the surface of Mars, has been invoked 
as an oxidant agent of the martian soils. 
In this chapter, we model the formation of ROS formation by pyrite surface based on the 
experimental findings using the COPASI code. This short-term model allowed us to estimate the 
specific rate constants of the formation of H2O2 by fitting the experimental curves of H2O2, 
under oxic and anoxic conditions. In addition, the model provides a pathway to analyze the 
process in terms of elementary reactions, allowing to determine the production rates of pyrite 
dissolution products (Fe
2+
, SO4
2-
), as well as the formation of secondary ROS (HO
•
, O2
•-
/HO2
•
, 
O2). 
Then, we build long-term models including specific algorithms that describe the reaction 
mechanism based on the reaction sequence obtained with short-term model by using kinetic 
keywords. These models allow us to analyze the influence of this reaction in a wet early Mars 
scenario and characterize the resulting mineral sequence in the long-term. 
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1. Introduction. 
Since the discover of the highly reactivity nature of Martian soils after the findings of the Viking 
Landers mission (1976), followed by the identification of sulfates and oxides on the Mars 
surface, a wide number of hypothesis have arisen to explain where this oxidizing power came 
from. As a consequence, the search oxidant sources have become an important issue to 
understand Mars geochemistry and clarify astrobiology questions. 
Several works have proposed the H2O2 molecule, already identified on Mars (Clancy et al., 
2004; Encrenaz et al., 2004), as the reactive agent responsible for this oxidation (Kereszturi and 
Gobi, 2014; Lefticariu et al., 2006, 2010). The oxidizing power of H2O2 is able to stress early 
life and decompose organic material, and thus might be an important mechanism for removing 
biosignatures in the martian soil (Davila et al., 2008). 
As regards the H2O2 sources, various atmospheric-surface-chemical processes have been 
proposed, such as photochemical reactions or electrostatic fields generated in dust storms 
(Atreya et al., 2006; Encrenaz et al., 2012; Quinn and Zent, 1999; Yen et al., 2000). However, 
the low atmospheric density of H2O2 (below 10
-12
 bar) and the low concentration of reactive 
catalysts formed from these processes compared with the abundance of oxides and sulfates on 
Mars soils, suggest that additional oxidation mechanisms could operate at the same time. 
Another potential H2O2 source invoked is the aqueous reaction of mechanically activated 
minerals (Hurowith et al., 2007), but the reaction mechanisms as well as the kinetics aspects of 
this process are still poorly understood.  
Although current conditions on the Martian surface are unfavorable for the existence of large 
bodies of liquid water, a wet Early Mars characterized by the presence of paleo-oceans has been 
proposed to explain the geochemistry and the geomorphological features of this planet (see 
chapter 3 and references therein). On the other hand, the high density of impact processes 
registered during the early Noachian would have generated a great amount of pulverized 
minerals, increasing both the reactive surface and the dissolution rate of primary minerals (see 
discussion in chapter 3). In this scenario, we suggest that ROS-induced on pyrite surface by 
aqueous reaction might have contributed to increase the oxidizing conditions, affecting the 
formation pathways of secondary minerals as well as organic compound preservation in near-
surface Mars environments. 
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Although pyrite have not been detected on the Mars surface, it has been invoked to explain the S 
sources for the SO2 and H2S releases during sediment combustion by the SAM instrument on 
MSL (Ming et al., 2014). In addition, the acidification and the products delivery from pyrite 
oxidative dissolution may explain the sulfate-rich rock outcrops and hematite spherules 
identified at Meridiani Planum (Bibring et al.,  2007; Davila et al., 2008; Hurowith et al., 2010; 
Lefticariu et al., 2010; Tosca et al., 2005; Zolotov et al., 2005)  
The main goals of this chapter are (1) to identify the elementary reactions of ROS formation and 
(2) to analyze if they could have been relevant for the geochemical evolution on a wet scenario 
for early Mars. With this in mind, we developed short-term models to gain a better insight into 
the kinetic aspects of the process based on the experimental data compiled in chapter 2. These 
models made it possible to estimate the rate constant for both the formation of H2O2 and 
secondary ROS, by decoupling the experimental curves of H2O2 in terms of surface 
heterogeneous generation and Fenton degradation. From these findings we built long-term 
models for evaluating the implications of surface reactions of mineral-induced ROS in oxygen 
limited environments. In particular, we modelled the aqueous reaction of pulverized and massive 
pyrite deposits under a wet early Mars context. 
 
2. H2O2 formation and degradation by pyrite crystals: the reaction mechanism. 
Based on our experimental results, we suggest that the H2O2 formed in solution by aqueous 
pyrite reaction is the result of the coupling between H2O2 generation by iron defect sites at pyrite 
surface and the H2O2 decomposition by the Fenton reaction in solution (see discussion in chapter 
2). To validate this hypothesis, we built a kinetic model to fit the H2O2 observed trend resulting 
from the interaction between H2O2 generation and Fenton degradation that allowed us to 
estimate the specific rate constant of the H2O2 formation, under oxic and anoxic conditions. 
The model performed a sequence of a chain reaction using the COPASI (COmplex Pathway 
SImulator) code (see chapter 1 for detailed information concerning the capabilities of this 
software), which enabled us to perform a kinetic simulation of H2O2 curves for evaluating the 
specific effect of individual parameters (e.g. reactive surface, initial dissolved O2 concentration). 
In addition, we analyzed the elementary reaction flux of secondary ROS formed during the 
process. 
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2.1 Conceptual model.  
The model was built by assuming that the experimental trend of H2O2, under both O2(g) and N2(g) 
atmospheres, is governed by three main variables :(1) the rate of H2O2 generation by the iron 
defective sites at pyrite surface, which is the rate-limiting step of the process; (2) the production 
rates of Fe
2+
 and SO4
2-
 by pyrite dissolution and (3) the kinetics of H2O2 degradation by the 
Fenton reaction.  
 
2.1.1 H2O2 generation. 
Under oxic conditions, it is assumed that the H2O2generation is a heterogeneous surface reaction 
triggered by the adsorption of dissolved oxygen on Fe
2+
 defect sites at pyrite surface (Cohn et 
al., 2006 and Schonnen et al., 2010). This process is usually described as a stepwise reaction 
through a Habber-Weiss cycle involving the dissociation of the adsorbed O2 and the subsequent 
formation of superoxide anion (O2
•-
) as an intermediate product (Eqs. 8 and 9, chapter 2). This 
idea was reinforced by the O2consumption observed during the first stages of the oxic 
experiments. For the sake of clarity, we consider a global reaction, resulting for the sum of these 
equations, to describe the H2O2 generation by Fe
2+
 defect sites: 
2 (≡ PyFe2+) +  O2ads+ 2H
+ →  2(≡ PyFe3+) + H2O2     (Eq. 1) 
Despite Fe
2+
 oxidation and H2O2 generation are cross-linked at pyrite surface, the specific 
stoichiometric of the process is unknown and is probably dependent on the particular 
coordination states of surficial iron and on the degree of surface coverage by O2 adsorption. 
Several works have identified the Fe
2+
oxidation by O2 at pyrite surface as the rate-controlling 
factor of pyrite dissolution in oxic conditions, but there are some discrepancies as to how the 
adsorption process occurs (Chandra and Gerson, 2010; Jeppu and Clement, 2012; Lowson, 1982; 
Nicholson et al., 1988; Williamson and Rimstidt, 1994,). In the model, we considered that the O2 
coverage at Fe
2+
 defect sites can be associated with the concentration of dissolved O2 by a 
Langmuir-Freundlich isotherm, defined by:   
θ= 
Kads[O2]
0.5
1+ Kads[O2]
0.5          (Eq. 2) 
Where, θ and Kads are the degree of coverage and the adsorption constant, respectively. A value 
of Kads = 1.36 m
3
/mol taken from the literature (Nicholson et al., 1988) was used in the 
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calculations. The power exponent of 0.5 takes into account the dissociative mechanisms of O2 
during the adsorption process at the monolayer where H2O2 is forming. 
Additionally, the amount of H2O2 generated is expected to be a function of the initial surface 
area of pyrite per volume of water (Cohn et al., 2005, 2006, 2010). Based on the experimental 
results (see discussion in chapter 2), we assumed that the true reactive surface of pyrite particles 
is also dependent on the density of Fe
2+ 
defect sites. Thus, the reactive surface associated with 
the H2O2 generation by Fe
2+
 defect sites, in m
2
/L, is expressed in the model as follows:  
  S
PyFe2+
(t)=    
Ao
V
∙ (
Pyrite t
Pyrite0
)
n 
∙ Fcoxic  
 
        (Eq. 3) 
Where, A0/V is the initial surface area of pyrite per volume of water (m
2
/L); (
Pyrite t
Pyrite0
)
n 
 is a factor 
for taking into account changes of surface during pyrite dissolution, with n = 2/3 for cubes 
(Parkhurst and Appelo, 1999) and Fcoxic, is a correction factor for limiting the percentage of 
surface associated to the density of Fe
2+
. In the calculations we considered 25 % (Guevremont et 
al., 1997, Murphy et al., 2009). 
Thus, the H2O2 generation under oxic conditions at Fe
2+
 defect sites is defined by: 
d[H2O2]oxic
dt
= koxic ∙ θ ∙ SPyFe2+(t)        (Eq. 4) 
where koxic is the specific rate constant (mol/m
2
s) used as the adjustable parameter in the model. 
On the other hand, under anoxic conditions, the generation of H2O2 is driven by H2O adsorption 
at the lowest undercoordinated iron -derived from S-S rupture- at pyrite defect sites (see 
discussion in chapter 2). This super-oxidized iron seems able to split the H2O molecule with the 
consequent production of HO
•
 (Borda et al., 2003, Javadi et al., 2013, Stirling et al., 2007). 
Then, this HO
•
ads can react with other HO
•
ads forming the H2O2 molecule (k = 3.6 x 10
9
 M s
-1
, 
Pastina and La Verne, 2001). Hence, the H2O2 generation in O2 absence by Fe
3+
 defect sites was 
modelled by the following reactions: 
≡ PyFe3+ +  H2O → ≡≡ PyFe
2+ + (HO•)
ads
+ H+       (Eq. 5) 
(HO•)
ads
+ (HO•)
ads
→ (H
2
O2)aq
        (Eq. 6) 
As in the oxic case, the rate of H2O2 generation was modelled by assuming that only a fraction of 
the surface area, covered by superoxidized iron, is active. In this case, we assumed that only 1/3 
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of the total defect sites (25% of the surface) result from the breaking of S-S bonds with the 
subsequent formation of superoxidized iron defect sites (Nesbitt et al., 2000): 
S
PyFe3+
(t) =    
Ao
V
∙ (
Pyrite t
Pyrite0
)
n 
∙ Fcanoxic  
 
        (Eq. 7) 
Thus, the global expression for H2O2 generation under a N2(g)  atmosphere was defined as: 
d[H2O2]anoxic
dt
= kanoxic ∙ SPyFe3+ (t)        (Eq. 8) 
where kanoxic is the specific rate constant, in mol/m
2
s, used as the adjustable parameter in the 
model. 
Although both heterogeneous surface reactions seem to be interconnected promoting the 
recycling of iron defect sites, we considered them as independent reactions because there is no 
data available to prove this. Furthermore, other factors such as the local coordination 
environment -different in each case- and the electron transference from the nearest anodic site, 
also determine the defect site regeneration. 
 
2.1.2 Pyrite dissolution: sulfate and iron release. 
According to earlier experimental work on the abiotic oxidation of pyrite (Rosso et al., 1999a, 
1999b, Rosso and Vaughan, 2006, Williamson and Rimstidt, 1994), our experimental results 
(see discussion in chapter 2) suggest that pyrite dissolution occurs via multi-step reaction 
sequence of cathodic and anodic reactions initiated on iron defect sites. However, the rate 
constants of these elementary reactions and their kinetic dependencies are poorly known. 
Therefore, we modelled the production of Fe
2+
 and SO4
2-
, the main products released by pyrite 
dissolution under our experimental conditions (see section 3.2.1 in chapter 2), using the overall 
stoichiometry dissolution of pyrite, given by:  
FeS2+ 8H2O→ Fe
2+ + 2SO4
2-
+ 16H+        (Eq. 9) 
Under oxic aqueous reaction, the main oxidant that leads pyrite dissolution is expected to be 
dissolved O2 and, considering the pH range of our experiments (from 7 to 3.5), the kinetic rate 
law can be estimated according to the expression given by Liu et al., 2008: 
dFeS2
dt
= 𝑘 pyr ⋅[O2]
0.5 ∙ [H+]
b
∙  
Ao
V
∙ (
Pyritet
Pyrite0
)
0.67
                (Eq. 10) 
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With, the specific rate constant, k pyr = 10
-6.09
 in mol/ m
2
 s
1
; the initial surface area of pyrite per 
volume of H2O (
Ao
V
) in m2/L; [O2] and [H
+
] concentrations of dissolved O2 and H
+
 in mol/L 
where the exponents indicate the reaction order dependence: (½) for O2, indicating a diffusion 
mechanism and, b for pH that can vary from -0.21 to 0.14.  
On the other hand, in absence of O2, pyrite dissolution can only proceed by Fe
3+
, H2O2 or via 
secondary ROS derived from the Fenton reaction. Our experimental results suggest that ROS 
formed byH2O2 decomposition can oxidize pyrite in an O2-limited environment leading to the 
production of Fe
2+
, SO4
2-
 and O2 as the main oxidation products, according to the work of 
Lefticariu et al., (2006) (Figures 12 and 19, chapter 2). There is a consensus that the kinetic rate 
of pyrite dissolution by H2O2 seems to be independent of the [H+] and first order dependent of 
the [H2O2] and the reactive surface (McKibben and Barnes, 1986, Antonijevic et al., 2004). 
However, the specific rate constant of the process was not determined at circumneutral pH and 
without the initial addition of H2O2. Thus, we applied the kinetic rate expression given by 
McKibben and Barnes (1988) and used the specific rate constant as an adjustable parameter: 
dFeS2
dt
= kpyr⋅10
3 ⋅[H2O2] ∙  
Ao
V
∙ (
Pyritet
Pyrite0
)
0.67
                 (Eq. 11) 
With, kpyr., the specific rate constant in m/s and, 10
3
 a factor conversion units for expressing the 
[H2O2] in mol/m
3
.  
 
2.1.3 The Fenton reaction. 
Although, free radical and iron hydrolysis chemistry involves a complex set of reactions, our 
experimental results suggest that the main process that leads to the H2O2 decomposition is driven 
by the free radical sequence initiated by the Fenton reaction caused by dissolved Fe
2+
 (see 
discussion in chapter 2). We modelled the H2O2 degradation using experimental rate constants 
values from the literature (Table 1). We also included the equilibrium reaction between HO2
•
 and 
O2
•-
 according to their dissociation constant that falls in the  pH variation range of our 
experiments, as well as the Fe
2+
 oxidation by dissolved O2 and the Fe
3+
 hydrolysis (both 
processes being highly dependents on pH). 
Considering the relatively slow release of Fe
2+
 by pyrite dissolution, comparing to the high Fe
2+
 
concentrations used in the classic Fenton reaction, the abrupt consumption of free radicals during 
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Fenton reaction can be prevented (Che and Lee, 2011). Therefore, we did not take into account 
the scavenging of free radicals by the Fenton chain termination reactions 
(Fe2++ HO•→ Fe3++ OH- and Fe2++ HO2
• → Fe3++ HO2
-
) in our model scheme. We neither 
consider the inhibition effect that the formation of Fe
3+
-patches at pyrite surface seems to have 
on H2O2 formation, assuming that this is negligible in the time interval modeled (24-48 h) 
(Figure 24 in chapter 2).  
 
Table 1: Reaction scheme used in the kinetics model. 
Reaction Constants References 
Fe2++ H2O2→ Fe
3++ HO•+ OH- k1 = 63 M
-1
 s
-1
 
Fan et al., 2009 
Fe3++ H2O2→ Fe
2++ HO2
• + H+ k2 = 0.01 M
-1
 s
-1
 
H2O2+ HO
•→ HO2
• + H2O k3 = 2.7 x 10
7 
M
-1
 s
-1
 
Fe3++ HO2
• → Fe2++ H++ O2 k4 = 2000 M
-1
 s
-1
 
Fe3++ O2
•-→ O2+ Fe
2+ k = 1.9 x 10
5
 M
-1
 s
-1
 Dunford, 2002 
Fe2++ O2→ Fe
3++ O2
•- 
k = 8 x 10
13 
M
-2
 atm
−1
 min
−1  
(pH dependence = [OH
-
]
2
) 
Chandra and Gerson, 2010 
HO2
•  =  O2
•- +  H+ K1 = 3.55 x 10
-5
 M  
Sychev and Isak, 1995 
Fe3++ H2O = Fe(OH)
2+ + H+ K2 = 2 x 10
-3
 M 
 
 
Summarizing, we modelled the observed trend of H2O2 as a coupling process between H2O2 
generation and degradation, where the net amount of H2O2 is described by the following 
expression: 
d[H2O2]
dt
= (k
oxic
∙θ∙S
PyFe2+
(t) + kanoxic∙SPyFe3+(t)) - (k1[Fe
2+]+k2[Fe
3+]+k3[HO
•])⋅[H2O2] (Eq. 12) 
Where k1, k2 and k3, represents the rate constants of each Fenton reaction (Table 1). As shown in 
the equation both iron defect sites act simultaneously, but in anoxic conditions the H2O2 
production by Fe
2+
 sites are limited by the O2 derived by the Fenton reaction. 
 
2.1.4 Modeling set-up: initial conditions.  
In the fitting models, we consider the experimental values as the initial conditions (i.e. pyrite 
load particle, pH0 and [O2]0). The initial surface area of pyrite per volume of water A0/V (m
2
/L) 
was estimated by multiplying the average value of the surface area (1.46 m
2
/g) by the 
corresponding pyrite loading (g/L).  
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In addition to the continuous supply of Fe
2+
 by pyrite dissolution, we consider a constant amount 
of [Fe
2+
]0 corresponding to iron-terminated surface, which is easily released to solution under 
aerobic pyrite dissolution. This was estimated to be in the order of 10
-5
 (mol/L) on the basis of ≈ 
6.78 Fe
2+
 atoms/nm
2
 for [001] faces of pyrite (≈ 6.78 x1018 (m2/L) / 6,023 x 1023 =1.12 x 10-5 
(mol/L)).  
Minimization between experimental curves and the values calculated from Eq. 12 were made 
with non-linear least squares using the Marquardt algorithm, being koxic and kanoxic, the specific 
rate constants of H2O2 surface generation, the adjustable parameters.  
In the simulation models, the initial conditions used were: 1 g/L of pyrite loading (8.33 mM), 
A0/V = 1.46 m
2
/L; pH = 7 and [O2] = 223 µM or [O2] = 0 µM, for oxic and anoxic models, 
respectively. In this case, we included the specific rate constant of H2O2 generation obtained 
with the fitting models. 
 
2.2 Fitting to experimental data.  
Fitting of experimental curves allowed us to estimate the specific rate constant of H2O2 
formation (koxic and kanoxic), assuming a first order dependence on the reactive surface according 
to Eqs. 4 and 8 (Table 2). With this in mind, we fitted H2O2 curves obtained under both oxic 
conditions and anoxic conditions. In the latter case, the rate of pyrite oxidation by H2O2 ( kpyr , 
Eq. 11) was used as an adjustable parameter of the model. 
 
Table 2: Rate constants obtained with the fitting models 
Rate constants Oxic experiment Anoxic experiment 
koxic (mol/m
2
s) 2.66 x 10
-4
 2.01 x 10
-4
 
kanoxic (mol/m
2
s) 5.53 x 10
-9
 7.31 x 10
-9
 
kpyr  by O2
*
 10
-6.09
 (mol/ m
2
 s)  by H2O2 10
-9.03 
(m/s) 
* 
This rate was used as a fixed parameter (Liu et al., 2008) 
 
Figure 1 displays the resulting fitted values, corresponding to the oxic evolution of H2O2 
together with the model derived results for pH, O2 and pyrite dissolution products (Fe
2+
/ Fe
3+
 ; 
SO4
2-
). When comparing to the experimental results, the data from the model satisfactorily 
reproduce these trends (Figures 6a, 8a and 14 and 15, chapter 2). At the earlier stages of the 
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process, [H2O2]obs concentration follows a first order rate (Eq. 4) (Figure 1b). Deviations of the 
linearity start to occur when the rate of Fe
2+
 oxidation by O2 slows down due to the simultaneous 
pH decrease. From this point, the concentration of dissolved [Fe
2+
] increases and the Fenton 
reaction becomes important. As consequence, reactions forming ROS -catalyzed by Fe
2+
 and 
Fe
3+
 -become effective for H2O2 degradation, which rapidly decreases, while iron species follow 
an opposite behavior.  
 
 
 
 
 
 
 
 
Figure 1: a) Fitted values for the H2O2 oxic data and 
model-derived values for Fe
2+
/ Fe
3+
, SO4
2-
, pH and O2 
(pyrite particle load = 0.71 g/L , A/V0 = 1 m
2
/L, pH0 = 7, 
[O2] 0 = 232 μM. b) Initial stage of the process. 
 
a) 
b) 
Chapter 4: Modelling ROS formation in Early Mars 
 
 
155 
 
Figure 2 summarizes the results derived by fitting the H2O2 curve obtained under anoxic 
conditions. In this case the H2O2 decomposition proceeds slowly and requires more acidic 
conditions -compared to oxic experiments- because the concentration of dissolved [Fe
2+
] 
supplied to solution by the anoxic dissolution of pyrite is also lower under these conditions. The 
Fenton reaction starts when pH values drops below 4.5 and the ratio Fe
2+
/Fe
3+
 increases, 
triggering the H2O2 decomposition as in the oxic experiments. 
 
 
 
 
 
 
 
 
Figure 2: a) Fitted values for the H2O2 anoxic data and 
model-derived values for Fe
2+
/ Fe
3+
, SO4
2-
, pH and O2 
(pyrite particle load = 2.16 g/L , A/V0 = 3.16 m
2
/L, pH0 = 
7, [O2]0 = 0 μM. b) Initial stage of the process. 
 
a) 
b) 
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Deconvolution of H2O2 curves on the elementary rate of H2O2 generation at the surface and the 
rate of decomposition by the Fenton reaction was addressed using the reaction fluxes estimated 
from the kinetics model (Figure 3).The maximum amount of H2O2 derives from the coupling 
between both processes and are shifted to longer times under anoxic conditions. According to 
Eq. 12, the evolution of H2O2 in solution can be summarized as follows: 
d[H2O2]obs
dt
= ∑
d[H2O2]surf 
dt
± ∑
[H2O2]Fenton
dt
             (Eq. 13) 
  
Figure 3: Deconvolution of the H2O2 curves in the generation and degradation processes: a) 
under oxic conditions and, b) under anoxic conditions. 
 
At the beginning of the process (t≈0), the amount of H2O2 in solution is only controlled by the 
surface reaction and the second term is zero. When a critical value of Fe
2+
 is reached in solution, 
the Fenton reaction starts and H2O2 is progressively degraded to secondary ROS, forming O2 and 
Fe
3+
. At the end of the experiments, the amount of H2O2 in solution, remains constant within a 
value close to zero and Eq. 13, becomes: 
d[H2O2]surf
dt
= ∑
[H2O2]decomp
dt
                  (Eq. 14) 
Thus, the disappearance of H2O2 in solution is due to a fast transformation into ROS, catalyzed 
by dissolved Fe
2+
, rather than by the cessation of the generation mechanism itself. This 
hypothesis is consistent with the long-term production of H2O2 and OH
•
 obtained in prior studies 
(Cohn et al., 2010; Fisher et al., 2012). 
a) b) 
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Figure 4 details the ROS evolution derived from the models. As is shown, while the 
concentration of H2O2 diminishes an increase of ROS species in solution is produced, under both 
oxic and anoxic conditions. The first reactive species produced is the OH
•
 that acts as a chain 
carrier, forming more free radicals. The majority of the OH
•
 reacts with H2O2, generating HO2
•
, 
the conjugate acid of O2
•-
 (Eq. 3, Table 1). The HO2
•
 is then available to assist the redox cycling 
of Fe
3+
/Fe
2+
 forming O2 (Eqs. 2 and 4, Table 1), which is the most abundant ROS species at the 
final stage of the process.  
 
 
 
Figure 4: Time evolution of the secondary ROS obtained with the fitting model: a) under oxic 
conditions and, b) under anoxic conditions. *The O2
•- 
trend were omitted from the plot because 
model calculations showed that their concentration are negligible.  
a) 
b) 
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In addition to the iron recycling by the Fenton reaction, the dissolved Fe
3+
 available also 
catalyzes pyrite dissolution, releasing more Fe
2+
 in solution. This enhancement of the catalytic 
iron cycling translates to an improvement of the Fenton reaction, increasing the oxidation power 
of the solution (Duesterberg et al., 2008). Hence, although H2O2 is no longer observed in 
solution, it can be speculated that pyrite may induce long-term oxidation through a free radical 
mechanism, acting as a Fenton-like reagent. 
 
2.3 Model derived results. 
To gain insight into the variability of the H2O2 curves observed in the experiments, we 
performed a suite of kinetics simulations. These were conducted by using the average values of 
the kinetic rate constants resulting from the previous fitting procedure (see Table 2). 
As a first approach, we simulated the H2O2 trend under oxic and anoxic conditions using the 
same pyrite particle load and thus, the same reactive surface per volume of dissolution (Figure 
5).  
 
Figure 5: Simulated H2O2 trend using the formation rate constants estimated by the fitting models (Initial 
conditions: koxic = 2.33 x10
-4
, kanoxic = 6.42 x 10
-9
 mol/m
2
s, pyrite load particle = 1 g/L, A/V0 = 1.46 m
2
/L, 
pH0 = 7, [O2]0 = 223 and 0 μM for the oxic and anoxic model, respectively). 
 
From these curves, we calculated the initial observed rate constants of H2O2 formation (k0obs) 
assuming that they follow a pseudo-zero-order kinetic reaction at the beginning of the process, 
using the same approach as described in chapter 2 (see section 2.2.1, chapter 2). Additionally, 
we also calculated the production rate of total Fe and SO4
2-
 released by pyrite dissolution (see 
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section 2.6, chapter 2). The estimated values from the model and from the experimental data are 
very similar (Table 3), suggesting that model predictions are fairly close to the observed 
patterns.  
Table 3: Constants values calculated from simulated data and from experimental data 
 
k0 observed (M/s) kFetotal (M/s) kSO4
2-
 (M/s) 
Oxic model 6.05 x 10
-9
 4.26 x 10
-10
 8.44 x 10
-10
 
Anoxic model 3.78 x 10
-10
 1.44 x 10
-11
 2.92 x 10
-11
 
Oxic experiment 5.72 x 10
-9
 
*
1.93 x 10
-10
 
*
5.05 x 10
-10
 
Anoxic experiment 2.38 x 10
-10
 
*
5.12 x 10
-11
 
*
4.34 x 10
-11
 
* These production rates were calculated from pyrite slurries with particle loading different to 1 g/L (0.20 
g/L for the oxic case and 0.14 g/L for the anoxic) 
 
Our experimental results suggested that the density of iron defect sites is an important factor that 
promotes differences in the surface reactivity on pyrite samples and consequently differences in 
the H2O2 curves (see section 2.2.1, chapter 2). Therefore, we analyzed the effect of this variable 
by simulating the H2O2 trend varying the correction factor (Fc), used in the model to limit the 
percentage of surface associated with the density of Fe
2+
 and Fe
3+
 sites (Figure 6). Model results 
showed appreciable differences in the H2O2 curves obtained under both atmospheres. In 
agreement with experimental data, higher densities of iron sites led to a higher rate of H2O2 
formation 
  
Figure 6: Simulated curves of H2O2 varying only the density of iron defect sites by the Fc factor: a) under 
oxic conditions, Fc oxic varied from 0.1 to 0.3; b) under anoxic conditions, Fc anoxic varied from 0.02 to 
0.2. Red solid lines marks the lower value of Fc and black solid lines de upper value of Fc. (Initial 
conditions: koxic = 2.33 x10
-4
, kanoxic = 6.42 x 10
-9
 mol/m
2
s; pyrite load particle = 1 g/L; A0/V = 1.46 m
2
/L; 
pH0 = 7, [O2]0 = 223 and 0 μM for the oxic and anoxic model, respectively). 
a) b) 
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Finally, we evaluated the effect of increasing the reactive surface area of pyrite on the H2O2 
trend. Although an increase of the reactive surface yields a faster generation rate of H2O2 
formation, according to Eqs. 4 and 8, the increase of reactive surface also enhances the 
production of dissolved Fe
2+
 by pyrite dissolution through Eqs. 10 and 11. Consequently, it is 
expected that higher values of reactive surface rapidly induce the H2O2 transformation into 
secondary ROS species, increasing the oxidizing capacity of the system. We tested this 
hypothesis by simulating the H2O2 curves varying the reactive surface for a specific load particle 
of pyrite, under anoxic conditions. A 3D Plot of the H2O2 formed and Fe
2+
 delivery at different 
values of reactive surface is shown in Figure 7a. The observed amount of H2O2 in solution is 
controlled by the moles of pyrite dissolved that regulate the concentration of dissolved Fe
2+
 
available for Fenton reaction. Thus, higher values of reactive surface, meaning smaller pyrite 
particles, favor higher concentrations of ROS in solution (Figure 7b). 
 
 
 
Figure 7: Influence of reactive surface area on the curve shape of H2O2 a) 3D plot showing the H2O2 and 
Fe
2+
 simulated trends at different values of the surface area of pyrite per volume of H2O (A0/V from 1 to 
2.5, m
2
/L). b) Summation of ROS generated by the Fenton reaction for the lowest and the highest values 
of the reactive surface (Initial conditions: koxic = 2.33 x10
-4
, kanoxic = 6.42 x 10
-9
 mol/m
2
s, pyrite load 
particle = 1 g/L, pH0 = 7, [O2]0 = 0 μM).  
 
Summarizing, these analysis shows that aqueous reaction of pyrite can act as a Fenton-like 
reagent, inducing long-term oxidation, even in oxygen limited environments such as the surface 
of Mars. 
 
a) b) 
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3. ROS induced by minerals as long-term oxidants in Mars.  
In this section, we analyze the implications of considering the ROS formation by mineral 
surfaces in anoxic aqueous environments by modelling different cases of studies in a wet early 
Mars scenario. We first describe the model approaches as well as the initial conditions used in 
the models. Then, we expose model results and the implications extracted from them.  
 
3.1  Conceptual approach. 
Geochemical models were performed with the PHREEQCI 3.06 speciation-reaction code (see 
chapter 1 and appendix 1) to simulate, the dissolution kinetics of mineral phases as well as the 
evolution of a multicomponent solution associated with this mineral assemblage, in the long-
term. 
The ROS formation induced by pyrite surface was modelled by including the chain reactions 
sequence described in the previous section (see section 2.1 above) for the anoxic case. 
Accordingly, we defined both the H2O2 formation by pyrite defect sites and the Fenton reactions 
as a kinetic keyword, by using the data previously obtained by the short-term experimental 
models (see Tables 1 and 2). The relationship between the defect sites and the amount of pyrite 
were established through the reactive surface parameter included in the rate expression for pyrite 
dissolution. In this way, we assume that the surface defect sites are continuously regenerated 
through the dissolution process and its density remains nearly constant. Therefore, the amount of 
H2O2 produced is related to evolution of the reactive surface of pyrite during the dissolution 
process and the formation of H2O2 continues until a complete dissolution is achieved. A 
description of the script showing the rate expressions and the ROS solution species used in the 
calculations, together with and a figure showing the H2O2/O2 evolution in a short-term 
simulation, to provide a comparison with the experimental models, is included in the annex.  
We assumed that ferric defect sites (PyFe3+, Eq. 7) are the only source for H2O2 generation 
because under anoxic conditions the H2O2 production through the oxidation of ferrous defect 
sites (PyFe2+, Eq.1 ) are limited to the amount of O2 resulting from the Fenton reaction. In the 
same way, we assumed that ferrous iron oxidation and pyrite dissolution is just driven by the 
H2O2 and the ROS derived from the Fenton reaction. Thus, the dissolved O2 generated through 
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the decomposition of H2O2 was not used to generate more H2O2 or Fe
3+
 and only contributed to 
increase the oxidation potential of the solution.  
 
3.2 Initial and framework conditions. 
We used the same average composition of martian basalts that in chapter 3 (see section 2.3 in 
chapter 3). In addition we used the solution resulting by equilibrating pure water with the basalt 
bearing mineral assemblage (see Table 1, chapter 3) as starting solution. 
We assumed a fine-grained substrate where the size of the primary minerals (basalt and/or 
pyrite) was 500 micras. The reactive surface of the basalt for this size was 11.90 m
2
/kg H2O, 
whereas the reactive surface of each mineral phase that compose the basalt was estimated 
according to the Eq. 1 described in chapter 3 (see section 2.2.1, chapter 3). The reactive surface 
of pyrite, 0.35 m
2 
/Kg H2O, was roughly estimated based on the experimental value 1.46m
2
/g 
obtained from pyrite particles of 1.4 μm for 1 mol of pyrite.  
We contemplated the same secondary minerals that can be formed and/or redissolved during the 
time course of the model, dependIng on the chemistry of the solution (pH/pe), the 
supersaturation index and the kinetic rate constant. The mineral phases considered, include: 
clays (clinochlore, kaolinite and smectite), sulfates (gypsum, alunite and jarosite) and 
oxyhydroxides (goethite). 
In addition, all the models were performed assuming a thick CO2 rich atmosphere (PCO2 = 0.05 
atm) in an ocean subject to a linear evaporation process (0.1 mol of H2O/yr.) by the loss of the 
atmosphere (from 0.5 to 0.05 atm) during 500 years (total simulation time). 
 
3.3 Model results 
To evaluate whether the mineral formation of ROS is a suitable oxidation mechanism, we 
compared the geochemical evolution of three different scenarios, varying the initial composition 
of the martian soil as follows: (1): basalt, (2) basalt and pyrite (99.99 % basalt - 0.01 % pyrite) 
and (3) pyrite. 
Figure 8 shows the secondary phases formed and the solution resulting from the evolution of a 
martian substrate composed only by basalt. In this case, we incremented by 10
3
 the initial 
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concentration of S
2-
, as no other sulfur source was considered in the system. The evolution of the 
solution towards alkaline and reducing conditions is due to the rapid dissolution of basalt that 
buffers the acidification induced by the CO2 atmosphere. Phyllosilicates are the only phases 
formed. Kaolinite precipitates from the beginning of the simulation because the initial solution 
was already supersaturated of it. Once enough alkalinity was reached in solution, Clinochlore, 
which incorporates OH- in their structure, started to be formed. Mineral phases that include 
ferric iron (i.e. goethite, smectite, jarosite) do not precipitated because the reducing conditions of 
the solution as there is no H2O2 or any other oxidant present in the system. 
 
Figure 8: Mineral assemblage and conditions of the solution resulting from the evolution of a martian 
substrate composed by basalt. 
 
The geochemical evolution of a martian soil composed by basalt and pyrite is represented in 
Figure 9. In this case, the pe and the pH of the solution evolve towards oxidizing and acidic 
conditions, despite the silica released by the basalt dissolution. At the end of the simulation, the 
resulting mineral sequence is composed by sulfates (alunite and gypsum), phyllosilicates 
(kaolinite) and iron oxyhydroxide (goethite). Thus, results from this model suggest that the 
coexistence of clays and salt may be possible if in the past, the martian soil contained iron 
disulfide deposits together with the basalt substrate. 
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Figure 9: Mineral assemblage and conditions of the solution resulting from the evolution of a 
martian substrate composed by basalt and iron disulfide deposits. 
 
Figure 10 shows the evolution of a system where the martian soil is only represented by pyrite. 
In this scenario the solution becomes very acidic and oxidant due to the coupled effect of ROS 
and sulfate formation during pyrite dissolution. The mineral sequence shows the precipitation of 
goethite and kaolinite at the beginning of the simulation. As the acidification and oxidizing 
conditions of the solution increases, Jarosite, which competes with goethite for the ferric iron, 
start to precipitate. At the end of the process, kaolinite and goethite are destabilized due to the 
high pe and low pH of the solution, being jarosite the only secondary phase that continues to be 
formed in that conditions. 
 
Figure 10: Mineral assemblage and conditions of the solution resulting from the evolution of a 
martian substrate composed only by iron disulfide deposits. 
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3. Final remarks. 
In summary, to characterize the kinetic evolution of H2O2 and transient ROS species generated 
during the oxidative dissolution of sulfides we have followed a stepped procedure: First, we 
have built a kinetic short-term model to explain the formation of H2O2 by pyrite surface in terms 
of the elementary steps reactions. This procedure allowed us to estimate the specific rate 
constant of the H2O2 generation by fitting the experimental H2O2 curves, resulting from oxic and 
anoxic framework conditions. These elementary reactions showed that as the amount of H2O2 
decreases in solution through the Fenton mechanism other ROS species (i.e.: HO
•
, HO2
•
/O2
•-
, 
O2), which can rapidly react, are formed in solution. In a second instance, we evaluated the 
effect of the reactive surface of pyrite particles on the H2O2 formation and we proved that 
despite the increase of this parameter promotes a faster decomposition of H2O2, enhances 
significantly the formation of secondary ROS.  
Finally, we applied this modelling procedure to understand the role of this sequence of oxidation 
reactions on the geochemical evolution in an aqueous anoxic environment as is the case of the 
Mars during the Noachian. In this scenario the probable presence of large amounts of water 
bodies (Fairén, 2010; Fairén et al., 2011; Fassett and Head, 2008; Squyres et al., 2004) together 
with a high density of impact events could have generated enough pulverized minerals to trigger 
the ROS formation in the long-term. This procedure allowed us to analyze the evolution of the 
martian substrate assuming that it was formed by paragenetic sequence of basalt and metal-
sulfide deposits. 
Several studies concerning the geochemistry of martian crust, have invoked the presence of iron 
sulfides as the main source of sulfur (Burns and Fisher, 1993, Chevrier et al., 2006; Davila et al., 
2008, Zolotov et al., 2005). Our results demonstrate that the secondary mineral assemblage 
forming in this context, might significantly differ if the formation of ROS by pyrite surfaces is 
considered. The high level of acidification and the oxidizing conditions derived from ROS 
reactions, together with the simultaneous release of sulfate and iron as by- products, result in the 
precipitation of ferric oxyhydroxide (i.e goethite) in a first instance, followed by ferric-
hydroxysulfate (e.g jarosite) in the long-term. The mineral observed in Meridiani Planum 
characterized by sulfate-rich rock outcrops evidence for an oxidizing and acidic 
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(paleo)environment on the surface of Mars (Gendrin et al., 2005; Lefticariu et al 2010; 
McLennan et al., 2005) could be easily explained by the dissolution of this iron disulfide. 
Considering that other silicate minerals (e.g olivine) have proved to produce H2O2 upon contact 
with H2O (Hurowith et al., 2007) it seems reasonable to assume that the aqueous formation of 
ROS catalyzed by “mechanically activated mineral surfaces” is an important mechanism that 
should be analyzed to better understand the oxidizing characteristics of the martian soil. 
Additionally, this reaction induces a fast decomposition of organic compounds and thus, might 
have contributed to the elimination of biosignatures in the near surface of Mars (Davila et al., 
2008; Farmer, 2012; Kereszturi and Gobi, 2014) 
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Summary 
 
The spontaneous generation of ROS by pyrite in aqueous suspensions could be an optimal tool 
for environmental remediation of organic pollutants. In this chapter, we explore the properties 
of pyrite as a Fenton catalyst for wastewater treatment through the analysis of the oxidative 
degradation of copper phthalocyanine (CuPc), employed as a target contaminant. To this end, 
we monitored in real time the amount of H2O2 generated by pyrite slurries as well as the 
degradation kinetic of CuPc. We also evaluated the catalytic efficiency of pyrite nanoparticles 
synthesized by the hot injection method compared to natural pyrite microparticles. 
Experimental results show that pyrite nanoparticles enhance the degradation of CuPc compared 
to microparticles. At low loadings (0.08 mg/L), and after 20 h reaction time, the former enabled 
60% CuPc removal, whereas the latter enabled only 7% removal. These results confirm that the 
use of low concentrations of synthetic nanoparticles can be a cost effective alternative to 
conventional Fenton procedures for use in wastewater treatment, avoiding the potential risks 
caused by the release of heavy metals upon dissolution of natural pyrites. 
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1. Introduction. 
As discussed in previous chapters, pyrite slurries induce the formation of ROS by aqueous 
surface reaction under both oxic and anoxic conditions and for extended periods of time. Along 
with the implications of this process for the oxidation of natural systems and their geochemical 
evolution, the pyrite-induced formation of OH
• 
radicals could be used as an efficient way to 
remove organic compounds through the Fenton reaction as part of wastewater treatments and 
environmental remediation.  
The Fenton mechanism is by far the most widely used Advanced Oxidation Process (AOP) for 
wastewater treatment. In a broad sense, AOPs cover those chemical treatments that generate 
ROS for water remediation, converting non-biodegradable xenobiotic compounds into 
biodegradable compounds. Due to their high oxidation potential (E
0
 = 2.8 V), OH
• 
radicals attack 
most organic pollutants at diffusion-controlled rates on the order of 10
6
 to 10
9
 M
-1
 s
-1 
(Andreozzi 
et al., 1999, Fantauzzi et al., 2010). 
Fundamentally, the Fenton reaction involves the formation of OH
•
 through H2O2 decomposition 
catalyzed by dissolved iron (Fe
2+
 and Fe
3+
) (Walling, 1975). A major drawback of conventional 
Fenton chemistry for wastewater treatment is that it requires a continuous supply of H2O2 under 
strict pH control, to limit the precipitation of iron oxyhydroxides. This control makes the process 
difficult and cost expensive. Alternatively, the use of iron bearing minerals (i.e. clays and 
oxides) as a heterogeneous iron source, called Fenton-like reagents, can help to solve the 
problem of iron oxide formation, expanding the effective pH range for wastewater treatment 
(Garrido-Ramírez et al., 2010). However, Fenton-like catalysis continues to be limited by the 
molar concentration of H2O2 and Fe
3+
 (Fan et al., 2009). 
Several studies have recently reported the capacity of mineral suspensions (e.g. silicates, oxides 
and sulfides) to spontaneously generate H2O2 at surface defect sites (Borda et al., 2003; Cohn et 
al., 2006; Gournis et al., 2002; Javadi et al., 2013; Javadi and Hanumantha, 2014; Schoonen et 
al., 2010; Xu et al., 2013). These minerals avoid the costly transport of H2O2, and are more eco-
friendly Fenton-like reagent. Between them, pyrite in addition to self-generate H2O2, promotes 
iron recycling by its own self-catalyzed dissolution, becoming a perfect candidate to assist 
organic pollutant removal. 
The efficiency of pyrite as a Fenton catalyst using H2O2 added has been previously reported for 
the degradation of different organic pollutants, including trinitrotoluene, carbon tetrachloride and 
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diclofenac (Arienzo, 1999, Bae et al., 2013, Che and Lee, 2011, Matta et al., 2007). Albeit the 
use of pyrite alone as Fenton reagent (i.e. without externally added H2O2) has been also 
demonstrated in the lactate degradation (Wang et al., 2012), this approach remains poorly 
studied and, to our knowledge, has never been tested for the removal of dyes in textile 
wastewater. Synthetic dyes are produced annually worldwide and it is estimated that about 10% 
are lost in industrial effluents (Fan et al., 2009). 
On the other hand, there has been growing interest in nanomaterials for green environmental 
remediation. For example, catalytically active synthetic nanoparticles inspired by natural 
minerals have been combined with in situ AOP as a potential strategy to remediate contaminants 
(Garrido-Ramírez et al., 2010, Kamat and Meisel, 2003, Valdés-Solís et al., 2007). Since the 
catalytic performance of mineral particles depends on the surface area-to-volume ratio (i.e. better 
performance at higher ratios), nanoparticles are typically expected to be more reactive than 
microparticles. Following this logic, and given the fact that pyrite microparticles have already 
been explored in Fenton chemistry (Wang et al., 2012), we sought to explore pyrite 
nanoparticles as heterogeneous catalysts for Fenton-like systems. 
Herein, we compared synthetic pyrite nanoparticles to naturally derived pyrite microparticles for 
their efficiency in the oxidative degradation of copper phthalocyanine (CuPc), a representative 
dye that has a metallic ring structure. Removal of metallocyanines is difficult because of their 
resistance towards oxidative degradation as well as their low biodegradability. In particular, 
phthalocyanines are widely used in the textile industry and can provoke carcinogenesis. To this 
end, we performed real time experiments to determine the degradation rate of CuPc induced by 
H2O2 generated at the surface of the pyrite nanoparticles or microparticles, using UV-Vis 
adsorption spectroscopy and H2O2 sensors. Our results suggest that pyrite nanoparticles can be a 
green effective and inexpensive option for in situ remediation processes in wastewater treatment. 
 
2. Experimental. 
 
2.1 Pyrite samples. 
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Pyrite nanocrystals were synthesized by the hot injection method (Li et al., 2011; Lin et al., 
2009) while pyrite microparicles were obtained after milled natural pyrite cubes (Logroño) (see 
chapter 1 for detailed procedure). 
The nanoparticles were characterized by high-resolution transmission electron microscopy (HR-
TEM), selected area electron diffraction (SAED) and X-ray diffraction (XRD). The TEM studies 
were done on a JEOL JEM- 3011 microscope with accelerating voltage of 200 kV. The XRD 
analysis of the nanoparticles and the microparticles was done on a Philips diffractometer with a 
graphite monochromator and CuK-a-radiation (1.54 Å). Indexing of pyrite reflections were done 
using the JCPDS 00-042-1340 card (FeS2 [pyrite]). Further, Rietveld refinements were 
performed to rule out the presence of other crystalline iron sulfides (e.g. marcasite, pyrrhotite 
and troilite) and to calculate the average values of crystallite size and microstrain (according to 
the Scherrer method, Scherrer, 1918). 
 
2.2 Experimental set-up.  
Kinetic experiments were conducted in stirred glass reactors under oxic conditions (i.e. open to 
atmosphere and at room temperature [22 ± 2 ºC]; K-type thermocouple). Pyrite powder was 
deposited onto silicone strips as a thin film of particles, and the strips were then adhered to the 
inner reactor walls. The pH was monitored by a glass pH-meter (Vernier FPH-BTA) with an 
Ag/AgCl reference electrode. 
The temporal change in the H2O2 concentration in solution was monitored by an amperometric 
microsensor (ISO-HPO-100, World Precision Instruments, Inc.) (see chapter 1 for a detailed 
description) 
Simultaneous to H2O2 generation and decoloration (degradation) of CuPc were monitored by 
tracking the absorbance at 630 nm, using fiber optic UV-Vis spectrometry (Black-comet, 
Stellarnet). A liquid waveguide capillary flow cell (LWCC; path length: 250 cm; WPI), was 
connected to the batch reactor by a peristaltic pump (masterflex pump system, Cole-Parner 
Instrument Co; see Figure 1). Alternatively, when the initial dye concentration was too high (i.e. 
when it led to saturation in the UV spectra obtained with the LWCC), a standard quartz cuvette 
(path length: 1 cm) was used and the decoloration of the dye was done measuring aliquots at 
different times of the process. 
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The degradation of CuPc was analyzed by high performance liquid chromatography (HPLC; 
Waters Alliance 2975 equipped with a Waters 996 Photodiode Array Detector; UV-Vis 
detection), using a C8 column (Waters Symmetry: 150 x 4.6 mm, 3.5 μm). The mobile phases 
were 0.1% aq. phosphoric acid (A), and acetonitrile (B), run in a linear gradient (80:20, v/v) at a 
flow rate of 1 mL/min. 
 
 
Figure 1: Experimental set-up using a liquid waveguide capillary flow cell (LWCC) in CuPc degradation 
experiments. 
 
3. Results. 
 
3.1 Structural aspects of the pyrite nanoparticles. 
The pyrite nanoparticles were analyzed at bulk level by XRD to evaluate the possible formation 
of secondary phases (Figure 2). As shown in the XRD pattern, the only observable Bragg 
reflections correspond to lattice planes of pyrite cubic structure (JCPDS card no. 42-1340). A 
moderate amount of background is also present in the pattern, where it is especially marked at 
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the tail of the intensity distribution. This type of broadening is a characteristic indicator that 
coherent X-ray diffraction is occurring in finite-size domains (e.g. sub-grains). The average size 
of the crystalline domains (as calculated by Rietveld analysis) was 20 nm, which is consistent 
with the HR-TEM observation of the individual particles. 
 
Figure 2: XRD pattern of the nanoparticles, indicating that pyrite was the only crystalline phase 
resulting from the synthesis. Rietveld analysis of the reflection broadening gave an average 
crystallite size of 20 nm. 
 
The TEM micrographs of the nanoparticles are shown in Figure 3. The upper left panel (Figure 
3a) corresponds to a low-magnification image that shows the typical arrangement of 
nanocrystals obtained in our syntheses. The nanoparticles tended to aggregate, forming 
polydisperse clusters of rounded particles ranging in size from 20 nm (individual nanoparticle) 
to 150 nm (largest cluster). At the initial stages of the process, the clusters were polycrystalline, 
as indicated by the SAED pattern (Figure 3b). However, as crystallization progressed, some of 
the particles tended to reorganize, giving rise to single-crystal domains that extended to several 
particles. This feature is observable in the HR-TEM image (Figure 3c), in which two particles 
have self-assembled and their lattice fringes, corresponding to the (200) planes, exhibit coherent 
interference domains. This fact is also confirmed by the FFT superposition of the two particles 
(inset), which reveals that the diffraction spots have identical orientation. Interestingly, 
individual particles were surrounded by an amorphous layer (thickness: ca. 2 to 3 nm), 
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suggesting that crystallization had begun upon nucleation of an amorphous precursor and 
subsequently followed some type of structural reorganization associated with high-energy 
surfaces between adjacent particles (Bai et al., 2013, Li et al., 2011). Similar textures have been 
observed in other syntheses, especially when high concentrations of precursors were employed 
(Kar and Chaudhuri, 2004, Li et al., 2011, Wang et al., 2010, Xuefeng et al., 2001). This factor 
can be a limitation when high crystallinity is required; in such cases, use of low reagent 
concentrations or surfactants is often required to keep the particles apart. However, for the 
purposes of our work, the formation of interphases with numerous defects is advantageous, since 
the generation of H2O2 relies precisely on the presence of these defect sites. 
 
Figure 3: a) TEM image of the typical distribution of the nanoparticles, comprising polycrystalline 
aggregates of pyrite. b) SAED pattern of the nanoparticles. c) HR-TEM image showing the structure of the 
nanoparticles. Individual nanoparticles tended to self-assemble, thereby forming finite size crystalline 
domains extended over several particles. The surface of the nanoparticles always appeared to be 
surrounded by an amorphous layer. 
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3.2 Kinetics of H2O2 generation and CuPc decoloration. 
 
3.2.1 The effect of pyrite particle surface area on reactivity. 
In order to evaluate the influence of particle surface area on the amount of H2O2 generated and 
on dye decoloration (degradation) pathway, we performed kinetic experiments with dispersions 
of pyrite nanoparticles or microparticles (Figure 4). The same initial particle loading (0.08 g/L) 
and dye concentration (0.1 mg/L) were used. When nanoparticles were employed (Figure 4, 
curve a), the amount of H2O2 detected by the sensor oscillated, rose to a maximum value of 1.4 
μM, rapidly decreased to zero and finally, plateaued at 0.2 μM within ca. 10 h. The oscillatory 
trend and the rapid decrease in H2O2 levels suggest that in the case of nanoparticles, nearly all 
the generated H2O2 was immediately transformed into less stable free radical species in a process 
catalyzed by the Fe
2+
 ions released during rapid pyrite dissolution. Pyrite microparticles gave 
different results, in that the H2O2 was generated at a much slower rate, and gradually 
accumulated in solution (Figure 4, curve b), pointing to a less efficient conversion of H2O2 into 
free radicals, which would be consistent with a lower rate of iron delivery to solution than in the 
case of the nanoparticles. This hypothesis is consistent with PHREEQC calculations (Parkhurst 
and Appelo, 1999) of the total iron [Fe
2+
 + Fe
3+
] released (Figure 4, inset) in each case, using the 
rate expression of Williamson and Rimstidt (Williamson and Rimstidt, 1994).  
CuPc degradation efficiency is shown in Figure 5 for each particle size. During the first 5 to 6 h 
the rates of decomposition were similar between nano- and microparticles, with a rate constant 
of k1 = 0.004 h
-1
. Afterwards, the rate constant in the nanoparticle reaction increased to k2 = 0.07 
h
-1
, which in terms of degradation efficiency ([1-(C/C0)] x100%) represents a final value ca. 8 
times higher than in the case of microparticles. 
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Figure 4: Plot of H2O2 concentration over time for suspensions of: a) pyrite nanoparticles or b) pyrite 
microparticles, at loadings of 0.08 g/L. Inset: Plot of PHREEQC calculations of total iron [Fe
2+
 + Fe
3+
] 
delivered in each case, assuming cubes of 20 nm for nanoparticles and 1.4 μm for microparticles. 
 
Figure 5: Rate of CuPc decoloration ([CuPc] = 0.1 mg/L) in suspensions of pyrite nanoparticles (average 
size: 20 nm; red circles) or microparticles (average size: 1.4 μm; black circles), at loadings of 0.08 g/L. 
 
Chapter 5: Pyrite nanoparticles for in-situ remediation of organic pollutants 
 
 
178 
 
3.2.2 Effects of pyrite particle loading and CuPc concentration. 
The influence of the initial mass of pyrite on CuPc degradation was assessed by performing 
experiments with nanoparticles at three different particle loadings. As shown in Figure 6, even 
small differences in pyrite loadings prompted changes in the degradation efficiency of CuPc, 
with the higher loading corresponding to a faster CuPc decomposition (k1= 0.07 h
-1
 at 0.08 g/L, 
k2= 0.04 h
-1
 at 0.04 g/L and k3 = 0.003 h
-1
 at 0.02 g/L) and more efficient degradation by a factor 
of ~ 8. 
 
Figure 6: Effect of pyrite nanoparticle loading on the rate of CuPc decoloration. ([CuPc]0 = 0.1 mg/L, 
loadings values are marked in the curves). 
 
We also evaluated the influence of the initial concentration of CuPc on its degradation by pyrite 
nanoparticles (Figure 7a) and microparticles (Figure 7b). In both cases, the degradation 
proceeded much more quickly at lower levels of dye (nanoparticles: ca. 4 times faster; 
microparticles: ca. 2 times faster), corroborating previous reports of delayed degradation at 
higher dye concentrations (Shu and Chang, 2005). Nevertheless, experiments with a relatively 
concentrated dye solution (5 mg/L) and low nanoparticle loading (0.08 g/L) still gave a 
degradation efficiency of 17% within 20 hours. 
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Figure 7: Decoloration rate at different initial concentrations of CuPc in suspensions of pyrite  
a) nanoparticles or b) microparticles, at loadings of 0.08 g/L. 
 
In the course of CuPc degradation with pyrite nanoparticles the solution became increasingly 
acidified, until a final value of 4-5, a pH where the Fenton reaction is far more efficient. 
Consequently, acidity control is not required. This is shown in Figure 8, for experiments 
performed with two different concentration values of dye and pyrite nanoparticle loads. 
 
Figure 8: The pH and H2O2 evolution in CuPc solutions with pyrite nanoparticles (a) [CuPc]0 = 5 mg/L at 
0.06 g/L loading (b) [CuPc]0 = 0.1 mg/L at 0.04 g/L loading. 
 
Finally, high performance liquid chromatography (HPLC) was used to identify byproducts 
generated during CuPc degradation. The chromatogram of unreacted dye was employed as 
control (Figure 9), and showed a single peak in the UV region with a retention time of 2.42 
minutes. After 27 hours of reaction with nanoparticles, the chromatogram exhibited seven new 
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peaks (retention times: 1.56, 3.01, 3.56, 4.24, 5.71, 6.31 and 9.12 minutes, respectively) and an 
appreciable decrease in the intensity of peak corresponding to the dye, at 2.42 minutes. The peak 
at 5.71 minutes, which is associated with phthalamines, a diagnostic species for the oxidative 
destruction of phthalocyanines (Matthews, 2003), showed a λmax of 217 nm. 
 
Figure 9: a) HPLC Chromatograms (UV detection: 219 nm) of untreated dye, and of dye treated with 
suspensions of nanoparticles for 27 h. b) UV-vis spectrum of the peak at 5.7 minutes (λmax: 217 nm). 
 
4. Discussion. 
The use of mineral surfaces for contaminant degradation has received much attention in the 
framework of “green chemistry processes”, as an alternative to the more conventional Fenton 
procedure. The features that make minerals more attractive as heterogeneous Fenton reagents are 
their capability to release oxidants like H2O2 and catalysts (e.g. Fe
2+
, Fe
3+
). 
There have been previous reports on the surface generation of H2O2 upon oxidative dissolution 
of pyrite (Borda et al., 2003; Cohn et al., 2006; Davila et al., 2008; Javadi et al., 2013; 
Schoonen et al., 2010; Xu et al., 2013). This surface reactivity, coupled to the iron delivery and 
the decrease in pH that occur upon dissolution of pyrite, make this mineral and ideal solution for 
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wastewater treatments. The practical interest of pyrite as a Fenton-like reagent depends on its 
capability to efficiently and sustainably generate HO
•
 for oxidative degradation of contaminants.  
In the present work, we have demonstrated the efficiency of pyrite at breaking down the ring of 
CuPc, as was directly confirmed through the HPLC identification of sulfophthalimide (Figure 9), 
the most common oxidative byproduct of this dye (Matthews, 2003). Figure 10 summarizes the 
proposed reaction mechanisms involved in the H2O2 generation and in the subsequent 
degradation of CuPc by HO
•
 attack (Shu and Chang, 2005). 
 
Figure 10: Proposed reaction mechanisms for the generation of H2O2 and for the oxidative degradation of 
CuPc by OH
•
. 
 
Although the mechanism of H2O2 generation remains controversial (Borda et al., 2003; Javadi et 
al., 2013; Javadi and Hanumantha, 2014; Schoonen et al., 2010; Xu et al., 2013; Wang et al., 
2012), previous studies and also our own investigation support the notion that H2O2 generation 
occurs at iron defect sites on the pyrite surface through reactions with adsorbed O2 and H2O 
under oxic conditions, according to Equations 1 and 2, below. This chemistry involves the 
intermediate generation of O2
•-
 from dissociative adsorption of O2(g) at the pyrite surface: 
≡pyFe2+ + O2(g)ads→ ≡Fe
3++ O2
•-
        (Eq. 1) 
≡pyFe2+ + O2
•-
 + 2H+→ ≡Fe3++ H2O2        (Eq. 2) 
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The adsorbed H2O2 is then released into solution. Simultaneously, the amount of Fe
2+
 required 
for the Fenton reaction to occur is supplied to the solution by oxidative dissolution of pyrite in 
the presence of O2(aq), according to Equation 3: 
FeS2+ 7O2+ H2O→ 2Fe
2++ 4SO4
2-
+ 4H+       (Eq. 3) 
At this moment, Fe
2+
 starts to catalyze the decomposition of H2O2 into OH
•
 and other ROS 
species involved in the oxidation of organics pollutants, according to the Fenton chain-reaction 
sequence, described by Equations 4 to 7, below (Navalon et al., 2010). 
Fe2++ H2O2→ Fe
3++ OH-+ OH•      k4 = 70 M
1-
s
1-
 (Eq. 4) 
Fe3++ H2O2→  Fe-OOH
2+
+ H+         (Eq. 5) 
Fe-OOH
2+
→ Fe2++ HO2
•        k5-6 = 0.001-0.02 M
1-
s
1-
 (Eq. 6) 
2HO2
• →  H2O+ O2       k7 = 8.6x10
5
 M
1-
s
1-
 (Eq. 7) 
In this sequence, Equations 5 and 6 are the slowest, and limit the recycling between Fe
2+
 and 
Fe
3+
. Consequently, they form the rate-limiting step in the generation of free radical species and 
decrease the efficiency of the oxidative degradation of contaminants. When pyrite is used as iron 
source for heterogeneous catalysis, an additional mechanism for Fe
2+
 regeneration occurs 
through Equation 8: 
FeS2+ 14Fe
3++ 8H2O→ 15Fe
2++ 2SO4
2-
+ 16H+      (Eq. 8) 
This drives the oxidation of pyrite by Fe
3+
, thereby releasing Fe
2+
 and consequently, accelerating 
the degradation of H2O2 through Equation 4. As shown above, Equations 3 and 8 both release 
protons, promoting acidification simultaneously to the delivery of iron into solution. 
The rate expressions associated to Equations 3 and 8 are, respectively (Williamson and Rimstidt, 
1994): 
rate(O
2
) = SA ∙ (
m
m0
)
0.67
 ∙10-8.1∙[ O2]
0.5+ [ H+]
-0.11
      (Eq. 9) 
rate(Fe3+) = SA ∙ (
m
m0
)
0.67
 ∙10-6.07∙[ Fe3+]
0.93
+ [ Fe2+]
-0.4
               (Eq. 10) 
Both equations depend on the reactive surface, SA (1/dm). Since H2O2 is also formed by 
reactions at the surface, the dye degradation efficiency is expected to increase with a greater 
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surface area (i.e. smaller particles should give better results). We assessed this by performing 
batch experiments to compare the degradation behavior of nanoparticles with that of 
microparticles (Figure 4 and 5). As expected, the nanoparticles gave better results than the 
microparticles. At low loading (0.08 mg/L) and 20 h reaction time, the former enabled 60% 
CuPc removal, whereas the latter enabled only 7% removal. As such, the H2O2 was consumed 
far more quickly when nanoparticles were employed. This can be explained by the fact that the 
greater surface area of the nanoparticles not only provides more sites for H2O2 generation, but 
also leads to faster oxidative dissolution of the pyrite itself, as this rate is proportional (in mass 
terms) to the reactive surface area. Thus, the nanoparticles rapidly supply the solution with iron, 
which induces the rapid transformation of H2O2 into OH
•
 radicals, according to the Fenton 
reaction scheme. The dye concentration was indirectly proportional to degradation rate (Figure 
7), indicating that the best catalytic activities were reached by using dilution procedures that 
provide low concentrations of contaminant. Moreover, the system does not require a pH control 
to degrade CuPc (Figure 8). 
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This dissertation discusses experiments designed to study the kinetics of ROS formation by 
pyrite surfaces, and on the combined implementation of these experiments and geochemical 
models to evaluate the role of ROS as a potential mechanism to drive the long-term aqueous 
oxidation on the surface Mars. Below, we summarize the most relevant findings resulting from 
this work: 
 
1. Experimental findings.  
 
1.1 The reaction mechanism of ROS formation by pyrite surface. 
Pyrite is able to spontaneously form H2O2 and a number of short-lived free radicals (e.g. HO
•
), in 
both oxic and anoxic solutions, although the process is slower in anoxic conditions. Overall, 
H2O2 formation during pyrite dissolution is the result of a kinetic competition between H2O2 
generation and decay processes. The H2O2 formation curves depend on several variables, 
including the total available reactive surface (related to the density of defect sites on the surface 
of pyrite crystals), O2 concentration and pH, which in turn determine the amount of Fe
2+
 in 
solution. The Fenton homogeneous reaction mechanism is the major factor responsible for H2O2 
consumption. XPS analysis of pristine pyrite surfaces showed the presence of surface species 
associated with pyrite dangling bonds. During aqueous pyrite oxidation a surface complex was 
identified (presumably associated with the iron dangling bond), as well as polysulfide and ferric 
oxide patches adsorbed onto the pyrite surface. Meanwhile, Fe
2+
 / Fe
3+
 and SO4
2-
 were found in 
solution along with secondary ROS species derived from the H2O2 decomposition. 
Overall, this study showed that the formation of H2O2 may be best described as a heterogeneous 
surface reaction initiated by the absorption of O2 and H2O on pyrite defect sites, with the 
electron transfer between pyrite dangling bonds to the adsorbates acting as the rate-limiting step. 
Then, as the reaction proceeds, the pH of the solution drops to acidic values whereas the amount 
of H2O2 and Fe
2+
 increases, triggering the Fenton reaction and leading to the subsequent 
decomposition of H2O2. Thereafter, secondary ROS species (i.e. HO
•
, HO2
•
, O2
•-
, O2) are formed 
in solution, turning the abiotic pyrite oxidation into an auto-catalytic process induced by the 
recycling of Fe
2+
 and Fe
3+
. This process ultimately leads to the formation of SO4
2-
 in solution and 
Fe
3+
-oxide/oxyhydroxide on the pyrite surface.  
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The experimental curves of H2O2 evolution were fitted to the following kinetic equation by 
COPASI reaction-sequence calculation: 
 
d[H2O2]
dt
= (k
oxic
∙θ∙S
PyFe2+
(t) + kanoxic∙SPyFe3+ (t)) - (k1[Fe
2+]+k2[Fe
3+]+k3[HO
•])⋅[H2O2]  
Where koxic and kanoxic are the specific rate constants for the generation of H2O2 (in mol/m
2∙s) at 
the iron defect sites by the adsorption of O2 and H2O, respectively. The estimated values from 
these rate constants fall in the order of 10
-4
 for koxic and 10
-9
 for kanoxic; k1, k2 and k3, represent the 
rate constants of the Fenton reaction (in M
-1∙s-1). As shown in the above equation both iron 
defect sites act simultaneously, but under anoxic conditions the production of H2O2 by Fe
2+
 sites 
is limited by the O2 concentration, which is in turn controlled by the Fenton reaction. 
The analysis of the reaction fluxes associated with the secondary ROS produced by the Fenton 
reaction suggest that aqueous pyrite reaction may induce long-term oxidation in oxygen limited 
environments. 
1.2 Use of pyrite nanoparticles as a Fenton-like reagent for wastewater treatment. 
The use of synthetic pyrite nanoparticles as a Fenton-like reagent for oxidative degradation of a 
pollutant dye (CuPc) demonstrates that nanoparticles are ca. 8 times more efficient in the CuPc 
removal than natural (i.e. mineral derived) pyrite microparticles. Moreover, this study 
demonstrated that H2O2 is indeed generated by iron disulfide in absence of trace compounds 
found in natural pyrite. 
In addition to more efficiently removing contaminants, the dissolution of synthetic pyrite 
nanoparticles does not result in the release of heavy metals often observed during the dissolution 
of natural pyrites, making this procedure more environmentally friendly. Since the process does 
not require UV-illumination, pH constraints or high loads of pyrite nanoparticles, it may serve as 
a cost-effective alternative to conventional Fenton approaches for the selective oxidation of 
pollutant dyes. 
 
2. Geochemical models. 
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2.1 Main water-rock interaction process that yield the mineral assemblage of Mars 
surface. 
We built several numerical open kinetic models to shed new light on the geochemical conditions 
that could have led to the sedimentary and mineralogical sequences observed on Mars.  
The analysis of the role of reactive surfaces in the precipitation sequences of secondary minerals 
demonstrated that the rate of mineral dissolution is initially controlled by the mineral surface 
reactivity. In fractured basalt, mineral dissolution is counterbalanced by the precipitation of 
clays, and the cations in excess migrate downwards through the basal interface by diffusion 
process, inhibiting the precipitation of salts near the surface. In contrast, the slower dissolution 
rate of massive basalt, which prevents ionic diffusion transport, along with the long-term 
interaction with volatiles, favors the evolution of the system towards more acidic and oxidizing 
conditions. These factors, together with the increase in ion concentrations caused by 
evaporation, lead to salt precipitation in surface waters. These findings may help explain the 
widespread distribution of phyllosilicate minerals on the early Noachian sediments (up to 3.800 
million years ago), a period of time when impact cratering was common and basalt 
fragmentation could be high; and the distribution of salts in more recent sedimentary sequences, 
which may have formed when impact bombarding had already diminished, and basaltic 
basements were likely less fractured. 
The sequence and kinetics of phyllosilicate precipitation under different freezing regimes, 
assuming a large, northern glacial ocean in early Mars, reflects a trend of inhibition in the 
formation of phyllosilicates with increasing latitude. These models may help us understand the 
mineralogical dichotomy on Mars characterized by the widespread distribution of phyllosilicates 
in the southern highlands, and the very rare outcrops of phyllosilicates in the northern lowlands.  
2.2 Geochemical implication of ROS formation by iron disulfides in Early Mars. 
The study of the formation of ROS catalyzed by pyrite in an Early Mars scenario showed that 
this reaction produces an oxidation potential able to modify the geochemical evolution of the 
system. Results of open kinetic models, assuming a high reactive surface of martian soil 
containing iron sulfide deposits, showed a fast increase of the oxidative potential (pe) 
concomitant to the decrease in pH, favoring the formation of iron oxyhydroxides (e.g. goethite) 
in the early stages, and ferric hydroxysulfate (e.g. jarosite) in the later ones. These results 
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suggest that the formation of ROS by iron disulfides alone is a plausible mechanism to explain 
the secondary phases directly observed at Meridiani Planum by the Mars Exploration Rover 
Opportunity, without the need to incorporate atmospheric oxidants. 
 
3. Considerations for future studies. 
As a corollary from the results obtained in this PhD thesis project, we make a number of 
suggestions that can be useful in future studies and reconstructions of the geochemical evolution 
of Mars: 
- Based on the results obtained with geochemical models, we suggest that the main reason for 
the apparent disagreement between the sequences predicted by geochemical models and the 
mineral parageneses actually observed on Mars is a consequence of three factors: (1) the 
application of closed or semi-open conditions, which do not take into account the processes of 
transport, especially through the sediment-water interface (diffusion models); (2) the use of 
equilibrium-models, which do not include the role of reactive surfaces on the dissolution process 
that may determine the precipitation sequence of secondary phases; and (3) most of the current 
models do not consider the creation rate of supersaturation, which in the case of an early 
atmosphere demands the use of kinetic models for degasification, evaporation and/or cooling. 
Consequently, future efforts are required to develop more accurate open, kinetic models that 
solve or mitigate some or all of these current limitations. 
- In this study, we developed a kinetic expression for the formation of H2O2 and secondary ROS 
catalyzed by the pyrite surface; however, more experiments using other minerals (i.e. silicates) 
need to be performed to more globally evaluate the implications of these surface reactions and 
the resulting reactive species in the oxidation of planetary crustal materials in the long-term.  
- To better understand the relationship between the current geochemistry of Mars and the early 
presence of large bodies of liquid, future investigations ought to focus on searching for suitable 
markers that can be used as "proxies" to study the evolution of water in the past. The 
combination of geochemical isotopic fractionation models (e.g. lithium, magnesium) with 
experimental isotope data provides an unexplored strategy that may help us understand basalt 
weathering processes and the geochemical conditions prevailing during early Mars. 
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Annex 
 
1. Summary of pyrite structure: atomic and band configuration  
 
Pyrite surface reactivity depends on the crystallographic structure and electronic properties of 
the mineral. Here we summarize additional information on these two aspects that are widely 
used in the manuscript to describe the reaction mechanism of ROS formation. 
 
1.1 Crystallographic structure.  
Pyrite mineral crystallizes in a cubic structure (a = 5.416 Å) with 4 molecules per unit cell and a 
symmetry defined by the pa3 space group. Iron atoms, with Wyckoff position 4a(0,0,0), are 
placed in the corner and facecenters, whereas sulfur atoms, with Wyckoff position 8c(u,u,u), are 
oriented along the ⟨111⟩ directions in the midpoints of the edges and in the center of the cube, 
forming the so called disulfide group (S2
2-
). 
Each sulfur presents tetrahedral coordination, bonding with the sulfur dimer partner (2.161.Å) 
and three metallic atoms (2.265 Å). On the other hand, iron atoms are 6-fold coordinated to 
sulfur, forming a slightly distorted octahedral.  
Tridimensional structure of pyrite could be explained from the NaCl structure (Figure 1). 
However, the symmetry reduction by the orientation of the sulfur dimers results in a primitive 
cubic lattice instead of the face-center cube of the rock-salt structure.  
 
Figure 1: a) 3D representation of pyrite unit cell. b) Analogue 2D representation, showing the 
relationship with the rock-salt structure. The gravity centers of the disulfide dimers (blue spheres) are 
located in the corresponding chloride positions in an ideal halite structure. 
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1.2 Electronic structure: pyrite [100] surfaces. 
In general terms, pyrite is a d-band semiconductor compound, whose electronic structure can be 
described by the ligand field model. In the crystal bulk, the upper part of the valence band (VB) 
consists of non-bonding Fe 3d t2g states (dxy, dyz and dx
2−y2), which lie above S 3p-Fe 3d eg 
band. The lower part of the conduction band (CB) is dominated by a mixture of eg* Fe 3d and 
σ* S 3p orbitals. The energy  between both bands is of approximately 0.95 eV.  
On the crystal surface the cleavage of Fe-S bonds occur. This rupture led to Fe atom 
coordination changes, from the distorted octahedron (Oh) to the square pyramidal (C4v),and the 
surface band thus becomes unstable. The Fe 3d t2g (from the VB) and eg states (from the Cb) 
split and form the so called surface states (dx
2
 and dx
2
-y
2
), which are associated with the Fe 
dangling bond. As a result, the gap between bands is lower in the pyrite surface (energy between 
surface states of approximately 0.4 eV) than in the crystal bulk (Figure 2). 
 
Figure 2: Schematic representation of the density of states (DOS) in pyrite: a) in the bulk, b) in the 
surface.  
 
In addition, some studies based on pyrite surface using synchrotron-excited XPS found a great 
amount of sulfur monomer vacancies (VS) on fractured FeS2(100), mainly related with step 
edges and corners where the coordination number of the surface atoms was even lower. Nesbitt 
et al., (1998) suggested that the rupture of S-Scould also be produced during irregular pyrite 
fracture, due to its lower bond energy compared to Fe-S bond energy. They hypothesized that 
monosulfide species could lead to the formation of new iron surface states by surface relaxation 
process, according to the folowing autooxidation reaction: 
≡ Fe2++ ≡ S− → ≡ Fe3++ ≡ S2− 
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2. Experimental calibrations. 
Previous calibrations were made to test the sensibility of the H2O2 microsensor in the range of 
pH, conductivity and temperature conditions registered during the experiments. As an example, 
Table 1 shows the variation of the potential registered by a H2O2 sensor after the addition of 0.44 
μM of H2O2 in different NaCl solutions.  
 
Table 1: Sensibility of a H2O2 sensor (measured in Δ Potential) in different NaCl solutions 
NaCl solution (mol/L) Conductivity at 25ºC (µS/cm) Δ Potential (mV)  
1mM 354 597 
5mM 752 600 
0.01M 1250 508 
0.05M 5236 469 
0.1M 10217 420 
 
 
The correlation between the conductivity of the solution and the Δ potential registered by the 
H2O2 microsensor follows an exponential decay trend (Figure 3). When differences in 
conductivity were around 300 μS/cm, the Δ potential registered by the H2O2 microsensor was not 
significantly different. In order to have changes in conductivity lower than 300 μS/cm, we 
conducted the experiments using low load pyrite particle. The conductivity of the solution during 
our experiments was always <260 μS/cm (Table 2), being the sensibility of the H2O2 
microsensor not affected by those changes.  
 
Figure 3: Conductivity measurements vrs variations of potential registered by H2O2 microsensors after 
the addition of 440 nM of H2O2. 
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Table 2: Variations of conductivity registered in slurry experiments after 20-30 hours of aqueous reaction. 
Pyrite Load particle (g/L) Conductivity (µS/cm) at 25º C 
0.7 156 
1 140 
1.57 229 
1.96 235 
2.60 273 
* Conductivity of distilled H2O ~ 10 (µS/cm) at 25º C 
 
 
Figure 4 shows an example of the the standard calibration of the H2O2 microsensor in a solution 
of crystal violet ([CV]0 = 225.5 µM) under anoxic conditions, simultaneously measuring pH, O2, 
T and light absorbance (λ = 590 nm). 
 
 
 
 
 
 
 
 
Figure 4: standard calibration of H2O 
microsensor in a CV solution (225.5 µM) 
under anoxic conditions. 
 
a) 
b) 
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A set of experiments was conducted to evaluate the degradation stability of CV against ROS. 
First, we evaluated the stability of CV in the presence of Fe
2+
, and H2O2, individually. In the 
presence of Fe2+, the CV solution remained nearly constant, whereas in the presence of H2O2 
showed a slightly decrease at the beginning, followed by a plateau (Figure 5a). In the presence of 
Fe
2+
 and H2O2 simultaneously, a faster and more acute degradation of CV solution occurred 
(Figure 5b and c). These results suggest OH• radicals as a very efficient free radical specie 
degrading CV, however, the oxidation potential of other ROS to degrade CV (e.g. H2O2) cannot 
be discarded.  
 
  
 
 
Figure 5: a) Degradation of CV (538 μM) in 
presence of Fe
2+
 (green circles, [Fe
2+
] = 0.45 μM 
final concentration) and H2O2 (black tringles, 
[H2O2] = 45 Μm, final concentration). b) 
Degradation of CV by OH
•
 radical derived from 
the Fenton reaction in CV solution ([CV]0 = 538 
μM, H2O2:Fe
2+
 = 10) with: b) H2O2 after the 
addition of Fe
2+
, reaction time = 157 seconds; c) 
dissolved Fe
2+
  after the addition of H2O2, 
reaction time = 114.6 seconds 
3. Scripts employed in the development of geochemical models. 
Geochemical modeling was performed by using two geochemical codes: COPASI and Phreeqci.  
 
a) b) 
c) 
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3.1 Copasi. 
COPASI (Hoops et al 2006) is a complex kinetic calculator that enables the modelling of 
coupled chain reaction, as is the case of Fenton reaction sequences. In addition, this software 
permits to optimize the models by fitting experimental datasets to adjustable parameters of the 
analytical models. Optimization can be made by either simplex or Marquardt algorithms. The 
latter involves a “search vector” through the Hessian matrix during the minimization procedure 
and, therefore, renders the model less dependent on the initial values (the adjustable parameters). 
This is the reason why the Marquardt algorithm was the choosen algorithm in our models. 
The COPASI code was used to build short-term kinetic models, fitting the H2O2 generation and 
decomposition experimental data. The generation of these scripts involved the definition of: 
chain reaction sequence, model parameters and differential equations. In the script for the oxic 
case of pyrite dissolution for example, chain reaction sequence, model parameters and 
differential equations were defined as follows: 
 
 Chain reaction sequence. 
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 Model parameters (unit mol/l). 
 
 
Name of the 
parameter 
Status 
Value / Initial 
concentration 
Global Quantities  Fc anoxic fixed 0.083 
Global Quantities  Fc oxic fixed 0.25 
Global Quantities Oxygen adsorption assign 
1.36e3∙[O2]
2
(1+1.36e3∙[O2]2)
2 
Global Quantities Peroxide assign [H2O2] 
Global Quantities Proton assign [H
+
] 
Global Quantities Pydiss assign (
FeS2
FeS20
)
0.67
 
Global Quantities SA fixed 1 
Species Fe2+ indep 0 
Species Fe3+ indep 0 
Species FeOH2+ indep 0 
Species FeS2 indep 0.005915632959 
Species H2O indep 55 
Species H2O2 indep 0 
Species HO* indep 0 
Species HO*ads indep 0 
Species HO2* indep 0 
Species O* indep 0 
Species O2 indep 0.000223 
Species O2*- indep 0 
Species H+ indep 1e-07 
Species OH- assign 10
^(-14+[pH])
 
Species pH assign Log([H
+
]) 
Species PyFe2+ assign  SA ∙ Fc (oxic) ∙ Pydiss 
Species PyFe3+ assign SA ∙ Fc (anoxic) ∙ Pydiss 
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 Differential equations. 
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3.2 Phreeqc scripts. 
 
3.2.1 Modeling the evaporation rate constant. 
Modeling of evaporation was made by using the KINETIC and RATE data blocks in PHREEQC 
code. The evaporation rate constant was determined by using the expression proposed by several 
authors (Altheide et al., 2009; Ingersoll, 1970; Sears and Moore, 2005, Sears and Chittenden, 
2005), which applies to Evaporation in Mars a free convection mechanism. This is characterized 
by the coupling of diffusion, at the water-atmosphere interface, with free convection, the latter 
modelled according with the Grashoff number using the gravity on Mars.  
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For water evaporation in ambient air, the mass-fraction of water-vapor, yi, at the ambient and at 
liquid-level equilibrium were related to the pure vapor pressure at that temperature by Raoults' 
law:  
 
where Mi and Mm are the molar mass of species i (the volatile liquid, e.g. water) and the mixture 
(practically that of ambient air, for small x’s), respectively, and φ is the relative humidity of the 
ambient. 
The diffusion part of evaporation equation, assuming 1cm diffusion layer becomes: 
𝐽 =  𝜚 
𝐷
𝐿
𝑀𝐶𝑂2
𝑀𝑤
(
𝑝0(𝑇)
𝑃𝑎𝑡𝑚
− 𝜑
𝑝0(𝑇)
𝑃𝑎𝑡𝑚
) 
where 𝜚 =atmospheric density at water interface (Kg/m3); D= diffusion coefficient of H2O in 
CO2 ( m
2
/s); MCO2, Mw are the Molar mass of CO2 and water , respectively (g/mol); P0(T) and 
Patm are  the saturation pressure of H2O(g), temperature dependent, and the atmospheric pressure, 
respectively.   
Under free convection this linearized diffusion equation is multiplied by the Grashoff term:  
𝐺𝑟 = (
𝐿3 ∙ 𝑔. ∆𝜌
𝜈2 ∙ ?̅?
) 
where L
3
 is a characteristic scaling parameter of the interface (usually 1m
3
), g = martian gravity 
acceleration (3.75 m/s
2
);  / ?̅?density differences between the evaporative surface in the 
atmosphere, normalized to the average density (dimensionless); kinematic viscosity (m2/s).  
The following script was defined under the KINETICS Keyword of the phreeqc code and 
employed in the models:  
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- SOLUTION 1 
    pressure  1 
    temp      0 
    pH        7 
    pe        4 
    redox     pe 
    units     mmol/kgw 
    density   1 
      -water    1 # kg 
 
INCREMENTAL_REACTIONS 
 
REACTION_PRESSURE 1 
   1 0.007 in 5000 steps 
REACTION_TEMPERATURE 1 
    0 -30 in 450 steps 
 
USER_PRINT 
-start 
10 print "presion =" pressure 
20 print "p_atm =" get(5) 
-end 
 
USER_GRAPH 1 
    -axis_titles           "temperature (K)" "rate constant mm/hour" 
"p(atm)" 
    -axis_scale x_axis      auto auto auto auto  
    -initial_solutions      false 
    -connect_simulations    true 
    -plot_concentration_vs  x 
  -start 
20 graph_x   TK 
30 graph_y   get(11) 
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40 graph_sy   get(5) 
  -end 
    -active                 true 
 
USER_GRAPH 2 
    -axis_titles       "time /years (log-scale)" "Mass of water /Kg" 
"P(atm)" 
    -axis_scale x_axis      auto auto auto auto log 
    -initial_solutions      false 
    -connect_simulations    true 
    -plot_concentration_vs  x 
  -start 
20 graph_x   total_time/31536000 
30 graph_y   TOT("Water")   
32 graph_sy   get(5)     
  -end 
    -active                 true 
KNOBS 
    -iterations            100 
    -convergence_tolerance 1e-12 
    -tolerance             1e-18 
    -step_size             100 
    -pe_step_size          10 
    -delay_mass_water      true 
 
RATES 
 
GRASHOFF_EVAPORATION           
 
#Water evaporation is modeled assuming the coupling between diffusion 
and free convection. 
 
-start 
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1 REM  parm(1)  # surface to volume ratio of the reservoir  
3 p_atm= pressure* 0.986923267  #  a variable pressure schedule can be 
include through reaction pressure keyword 
4 Put(p_atm,5) 
5 R=8.314 
#6 RHO_atm= (SR("H2O(g)")*GFW("H2O")*1e-3) + (p_atm*GFW("CO2")*1e-
3)/(R*TK) 
7 RHO_atm = (44.0e-3 * P_atm)/(0.08206*TK)*1e3           #density dry-
Co2 
8  rsat= ACT("H2O")*SR("H2O(g)")/(GFW("H2O")*TK) 
10 rsol = rho                                            # brine 
density  
20 g= 3.7                                                #Martian 
gravity 
21 VPH2O =SR("H2O(g)") 
22 VPH2O=VPH2O*ACT("H2O") 
#------------delta_nu (concentration dif at the interfase and 
atmosphere)--- 
23 nu= VPH2O*GFW("CO2")/(P_atm*GFW("H2O")) 
24 RH=(0.62198*SR("H2O(g)"))/(SR("H2O(g)") - SR("CO2(g)"))/1000 
# ------------------------Grashoff term ( K1/K2)-----------------------
---- 
30 D_grho=VPH2O*(GFW("CO2")-GFW("H2O")) 
40 grho= (GFW("CO2")*P_atm)-D_grho 
50 K1= g*D_grho/grho 
70 xmu = 6.93e-4      # m2/s 
80 K2 = xmu^2 
#----------------------------- Diffusion part--------------------------
----- 
89 RSW= SR("H2O(g)")*0.986923267*1E2 
90  D= 1.87e-5         #m2/s1.387e-5 # diffusion coeff. 
101 Ev_D =(RHO_atm/rho)*(1.49e-5/1E-2)*((GFW("H2O")*1E-
3)/(GFW("CO2")*1E-3)) 
102 Ev_D =(Ev_D*((RSW/p_atm*1E2)-0.89*(RSW/p_atm*1E2)))*3600*1E-3 
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#----------------------------Diffusion and free convection-------------
----- 
 
103 Ev_G= 0.17*Ev_D*(K1/K2)^(1/3)      #ev rate_cte (mm/h) 
#----------------------------Moles H2O lost----------------------------
----- 
210 vev = evg*1e-2    #dm/hora  
220 Mev =1000*((Ev_G*1e-2)/36000) #g/dm3/seg 
221 put(Ev_g,11) 
230 rate=mev/GFW("H2O")    
300 moles =parm(1)*rate*time 
400 save moles 
 -end 
KINETICS 1 
GRASHOFF_EVAPORATION           
    -formula  H2O  -1 
    -m        55 
    -m0       55 
    -parms    10.1350 
    -tol      1e-08 
-steps       315360000 in 5000 steps # seconds (100 yrs) 
-step_divide 1 
-runge_kutta 3 
-bad_step_max 500 
-cvode true  
-cvode_steps 100 
-cvode_order 5 
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Figure 6: Temperature and pressure dependences of the specific rate constant for evaporation in Mars. 
Calculations are based on free convection models. Red and blue curves show the temperature dependence 
of the evaporation rate constant at fixed pressure conditions (0.007 atm. and 1 atm. respectively). Dotted 
black lines show the evolution of  the evaporation rate constant for processes where simultaneously to a 
continuous decrease on temperature, the atmospheric pressure varies between the above limits at different 
rates (from 1 atm/yr  to 0.1 atm/yr). 
 
 
 
Figure 7: Time evolution of the remaining mass of H2O in the reservoir for various surfaces to volume 
ratios. (S/V = 0.3, 0.13 and 0.03 respectively). 
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3.2.2 Determination of reactive surface. 
The reactive surface of the individual minerals of basalt was determined based on the size of 
whole rock fragments. Calculations were done by using the BASIC compiler of phreeqc and the 
CALCULATE_VALUES KEYWORD: 
 
CALCULATE_VALUES 
    vtotmin 
-start 
 
3 DIM min$(5) 
5 DiM Form$(5) 
7 DIM Vol_min(5) 
8 DIM Mol_Ini(5) 
9 for i = 1 to 5 step 1 
10 min$(1) = "Anorthite" 
20 min$(2) = "Forsterite" 
30 min$(3) = "Fayalite" 
50 min$(4) = "Diopside" 
60 min$(5) = "Enstatite" 
61 mol_ini(1)= 4.264 
63 mol_ini(2)= 1.4 
65 mol_ini(3)= 1.4 
67 mol_ini(4)= 1.4 
69 mol_ini(5)= 1.4 
320 form$(i) = PHASE_FORMULA(min$(i)) 
340 gram_min(i)= mol_ini(I)*gfw(form$(i)) 
360 next i 
 
-end 
 
USER_PRINT 
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-start 
  
 10 DIM min$(5) 
 20 DIM form$(5) 
 30 DIM v_min(5) 
 40 DIM mol_ini(5) 
 45 DIM vperc_min(5)  
 47 DIM rho_min(5) 
 48 DIM gram_min(5) 
 49 DIM Xs_Min(5) 
 50 FOR r = 1 TO 1000000 STEP 100 
 60 gram_b = 0 
 70 vb = 0 
 71 rock$= "basalt" 
 90 REM --- MINERALS AND MODAL COMPOSITION OF THE ROCK (% vol) AS THE 
STARTING VALUES ------- 
100 nmins = 5 
110 vol_basalt = 2e-5   #(m3) 
120 min$(1) = "Anorthite" 
130 vperc_min(1) = 50 
140 min$(2) = "Forsterite" 
145 vperc_min(2) = 15 
150 min$(3) = "Fayalite" 
155 vperc_min(3) = 15 
160 min$(4) = "Diopside" 
165 vperc_min(4) = 15 
170 min$(5) = "Enstatite" 
175 vperc_min(5) = 5 
190 rho_min(1) = 2.75e6   #gr/m3 
200 rho_min(2) = 3.27e6 
210 rho_min(3) = 4.39e6 
220 rho_min(4) = 3.40e6 
230 rho_min(5) = 3.19e6 
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240 Xs_Min(1) = 0.5 
250 Xs_Min(2) = 0.2 
260 Xs_Min(3) = 0.1 
270 Xs_Min(4) = 0.1 
280 Xs_Min(5) = 0.1 
290 FOR i = 1 TO 5 STEP 1 
295 form$(i) = PHASE_FORMULA$(min$(i)) 
297 v_min(i) = vperc_min(i)*vol_basalt/100 
299 gram_min(i) = rho_min(i)*v_min(i) 
305 mol_ini(i) = gram_min(i)/GFW(form$(i)) 
310 gram_b = gram_b+gram_min(i) 
315 vB = vB + V_min(i) 
#310 vb = vb+gram_min(i)/rho_min(i) 
320 rho_bas = gram_b/vb 
330 NEXT i 
 
340 w = 1e-3(1e-3+(VB)) 
360 rs_v_b = r 
370 ssp_bas2 = (w(1-w))*(rs_v_b/rho_bas) 
372 jmin=0 
378 Print "-------------------------reactive surface of"rock$"as a 
function of ratio S/V-----------------" 
379 Print"    " 
380 print "                    ", "S/V="rs_v_b"(1/m),"    
"size(Cubes)="6*(1/rs_v_b)*1000, "mm"                 
381 print" " 
382 print "                        " " Porosity = "  w ,  
"(dimensionlees)" 
390 PRINT "Sspecific"rock$"="ssp_bas2, " ( m2/g)" 
400 PRINT "Sreactive"rock$"(m2/kgw)=" gram_b*ssp_bas2     
 
440 PRINT "grams"rock$ "="gram_b  "in a Kgw" 
450 PRINT "vol"rock$"="vb, "(m3)" 
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460 PRINT "rho"rock$ "="rho_bas "(g/m3)" 
461 print " " 
472 Print"--------------------Sreactive minerals in"rock$"as a function 
of wetting param Xmin-------------------------" 
474 print" Phase name", "   Reactive surface (m2/kgw)", "   Modal comp 
(% Vol)"    "    Xmin"     "       moles0/kgw" 
475 print"-------------------------------------------------------------
----------------------------------------------" 
476  FOR j = 1 TO 5 STEP 1 
477 s_min = gram_min(j)*ssp_bas2*xs_min(j) 
478  jmin  = jmin+ s_min 
#479 print jmin 
480 PRINT  min$(j),    "     ", s_min  "       "     Vperc_min(j) "         
"  xs_min(j)   "       " Mol_ini(J)  
485 next j 
490 NEXT r 
-end 
 
A typical output gives the moles of each mineral and its reactive surface, which are used in the 
kinetic calculations: 
-------------------------------------------------User print--------------------------------------------------- 
-------------------------reactive surface of basalt as a function of ratio S/V---------------------  
                     S/V=          201 (1/m),    size(Cubes)=   2.9851e+01 mm  
                          Porosity =    9.8039e-01 (dimensionlees)    
Sspecific basalt =   3.1470e-03  (m2/g)  
Sreactive basalt (m2/kgw)=   2.0100e-01  
grams basalt =   6.3870e+01 in a Kgw  
vol basalt =   2.0000e-05 (m3)  
rho basalt =      3193500 (g/m3)  
-------------------S_reactive minerals in basalt as a function of wetting param Xmin----------- 
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 Phase name   R_surface (m2/kgw)  Modal comp (% Vol)     Xmin        moles0/kgw  
--------------------------------------------------------------------------------------------------------------------- 
Anorthite          4.3271e-02                     50              5.0000e-01            9.8863e-02  
Forsterite          6.1744e-03                        15             2.0000e-01            6.9737e-02  
Fayalite              4.1446e-03                     15               1.0000e-01             6.4636e-02  
Diopside            3.2100e-03                      15              1.0000e-01             4.7109e-02  
Enstatite            1.0039e-03                           5               1.0000e-01             3.1782e-02  
-------------------------reactive surface of basalt as a function of ratio S/V-------------------------  
 
3.2.2 Modelling ROS formation by pyrite surface under anoxic conditions. 
The reaction sequence used to model (with COPASI) the short-term H2O2 formation by pyrite 
crystal under anoxic conditions was then introduced in the Phreeqc code, by using kinetic 
keywords. This script was used to analyze the influence of this reaction in a long-term model, 
assuming a wet early Mars scenario. 
RATES 
 
    Pyrite 
-start 
 10 if (m <= 0) then goto 200 
 20 if (si("Pyrite") >= 0) then goto 200 
 30 if MOL("H2O2")<=0 then goto 200 
 40 rate = 10^(parm(1) + parm(2)*log10(m/m0))# parm(1) A/V0 of pyrite 
crystals in m2/m3 
 50 PUT (rate, 1) 
 60 moles = rate * 9.33254e-7 * (1-SR("Pyrite"))* MOL("H2O2") * time # 
Rate constant (m/s) for FeS2 dissolution by H2O2, determined in the 
anoxic fitting model  
200 save moles 
-end 
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    Density_sites 
-start 
 10 if (m <= 0) then goto 200  
 20 rate = GET(1) # for including the A/V0 dependence of pyrite 
crystals 
 30 rate = rate * 0.083e-03  
 40 moles = rate * 7.3e-09 * time # Rate constant for H2O2 formation 
(mol/m2 s), determined in the anoxic fitting model  
200 save moles 
-end 
 
  Fenton_1 
-start 
 10  Fe_di = ACT("Fe_di+2") 
 20  if (Fe_di <= 0) then goto 200 
 30  if (MOL("H2O2")<= 0) then goto 200 
 40  moles = 63 * Fe_di * MOL("H2O2")* time 
200 SAVE moles 
-end 
 
 Fenton_2 
-start 
 10  Fe_tri = ACT("Fe_tri+3") 
 20  if (Fe_tri+3 <= 0) then goto 200 
 30  if (MOL("H2O2")<= 0) then goto 200 
 40  moles = 0.01 * Fe_tri * MOL("H2O2")* time 
200 SAVE moles 
-end 
 
Fenton_3  
-start 
 10  Fe_tri = ACT("Fe_tri+3") 
 20  if (MOL("H2O2")<= 0) then goto 200 
 30  moles = MOL("H2O2")* MOL("HO")* 2.7e7 * time 
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200 SAVE moles 
-end 
 
Fenton_4  
-start 
 10  Fe_tri = ACT("Fe_tri+3") 
 20  if (Fe_tri+3 <= 0) then goto 200 
 30  if (MOL("HO2")<= 0) then goto 200 
 40  moles = MOL("HO2")* Fe_tri * 2000 * time 
200 SAVE moles 
-end 
 
SOLUTION_SPECIES 
0.5O2 + 1e- = O- 
  log_k    0.1 
O2 + 1e- = O2- 
  log_k   0.1 
 
H+ + O2- = HO2 # pKa of HO2  
log_k 0  4.8 
 
O- + H+ = HO # pKa of HO 
  log_k    12 
 
HO + HO = H2O2 
log_k 15 
 
SOLUTION 1 
    temp      25 
    pH        7 
    pe        4 
    redox     pe 
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    units     mmol/kgw 
    density   1 
    -water    1 # kg 
 
KINETICS 1 
Pyrite 
    -formula  Fe_diS2  1    
    -m        1 
    -m0       1 
    -parms    2.5 0.67 
    -tol      1e-08 
Py_sFe_triOH 
    -formula  H2O2  1  H+  1  
    -m        1 
    -m0       1 
    -tol      1e-08 
Fenton_1 
    -formula  Fe_di -1 Fe_tri  1 HO 1 H2O2 -1 OH- 1 
    -tol      1e-08 
Fenton_2 
   -formula  Fe_tri  -1 Fe_di  1  H2O2  -1  HO2  1  H+  1 
   -tol      1e-08 
Fenton_3 
    -formula  H2O2  -1 HO  -1 HO2  1 
    -tol      1e-08 
Fenton_4 
    -formula  HO2  -1 Fe_tri -1 O2  1 H+ 1 
    -tol      1e-08 
 
-steps       150000 in 500 steps # seconds 
-step_divide 10 
-runge_kutta 3 
-bad_step_max 500 
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-cvode true  
-cvode_steps 100 
-cvode_order 2 
INCREMENTAL_REACTIONS true 
SELECTED_OUTPUT 1 
    -file                 script.out 
    -pH                   true 
    -molalities           H2O2  HO  HO2  O2- O-  O2  Fe_di+2  Fe_tri+3 
    -kinetic_reactants    Pyrite  Density_sites 
 
USER_GRAPH 1 
    -headings               Script H2O2 O2 
    -axis_titles            "time (sec)" "H2O2 (mol/kg)" "O2(mol/kgw)"  
    -start 
10 graph_x TOTAL_TIME 
20 graph_y MOL("H2O2") 
30 graph_sy MOL("O2") 
    -end 
END 
 
Figure 8: pH, H2O2 and O2 trends obtained with the script described above 
 
